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Abstract 
 
  Organic semiconductors that inherently facilitate solution processing have attracted much 
interest for near-future electronic devices such as organic photovoltaics (OPVs) and organic 
field-effect transistors (OFETs) due to diverse advantages including low cost fabrication, 
mechanical flexibility, and tunable optoelectronic properties. In spite of significant studies on 
material science and device physics related to organic semiconductors, a better understanding 
of both the efficient synthesis of novel molecules and the development of new fabrication 
techniques is highly recommended for further development of organic electronics. Until now, 
even where solution-processable polymeric semiconductors are concerned, impressive 
progress has been achieved only in developing p-type conjugated polymers. Solution-
processable n-type and ambipolar polymers largely remain elusive. In this regard, the present 
research is focused on developing high electron-affinity semiconductors by a structural 
modification of electron accepting unit. In addition, although tremendous efforts have been 
focused on the design of building blocks for polymer backbones, relatively little attention has 
been paid to the molecular engineering of polymer side chains. Thus, the present research 
investigates modifications of side chains. The work begins with a brief overview of the 
organic semiconductors followed by introductions of palladium-catalyzed aryl-aryl cross-
coupling reactions, diketopyrrolopyrrole (DPP), and side chains as well as short explanations 
of organic electronics. Then, research results that have contributed to the development of 
high-performance n-type and ambipolar semiconducting polymers are presented as well as 
followed by polymerization methodology and small molecule-based organic solar cells.  
 
Keywords: diketopyrrolopyrrole, organic semiconductors, organic photovoltaics, organic 
field-effect transistors, cross-coupling reactions 
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Chapter 1 Introduction  
1.1 Overview of organic semiconductors 
Organic semiconductors are organic materials that exhibit the properties of a semiconductor—in other 
words, having an electrical conductivity between that of insulators such as glass and that of metals 
such as copper. Organic semiconductors can be single molecules, oligomers having a few monomer 
units, and organic polymers composed of many repeating units. Semiconducting small molecules 
involve polycyclic aromatic compounds such as anthracene, tetracene, pentacene, rubrene, perylene. 
Polymeric organic semiconductors include poly(3-hexythiophene) (P3HT), poly(p-phenylenevinylene) 
(PPV), and poly(p-phenylene) (PPP) as well as polyacetylene and its derivatives (Figure 1.1). Since 
Henry Letheby’s discovery of partly conductive materials obtained by anodic oxidation of aniline in 
sulfuric acid, which can be polyaniline, researchers have dedicated their efforts to discovering 
polycyclic aromatic compounds that formed semi-conducting charge-transfer complex salts with 
halogens. In 1954, high conductivity of 0.12 S/cm based on perylene-iodine complex was reported, 
which means that organic compounds could carry a current.
1
 In 1972, researchers identified metallic 
conductivity in the charge-transfer complex tetrathiafulvalene (TTF) tetracyanoquinodimethane 
(TCNQ). In 1977, Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa reported high 
conductivity in oxidized and iodine-doped polyacetylene.
2
 Due to their contributions, the Nobel Prize 
in Chemistry 2000 was awarded jointly to them "for the discovery and development of conductive 
polymers." The development of organic semiconductors with π-conjugated molecular backbones have 
performed stongly till now and have been applied to a variety of electronic devices such as organic 
light-emitting diodes (OLEDs),
3-8
 organic photovoltaic cells (OPVs),
9-11
 organic field-effect 
transistors (OFETs),
12-14
 chemical and biological sensors.
15
 
  There are mainly two groups of organic semiconductors: an organic charge-transfer complex and a 
variety of linear-backbone conductive polymer from polyacetylene. A charge-transfer complex is a 
composition of two or more molecules or of different combination of one large molecule where a 
portion of electronic charge can be transferred between molecules.  
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Figure 1.1 Chemical structures of organic semiconductors. 
 
  Organic semiconductors have similar conduction mechanisms for charge-transfer to inorganic 
semiconductors. Such mechanisms generally occur in the hole and electron conduction layers 
separated by a band gap. Like inorganic semiconductors, organic semiconductors can be doped. 
Organic semiconductors are receptive to doping, such as with polyaniline and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) or PEDOT:PSS, which are well known organic 
metals.  
  Small molecule organic semiconductors and semiconducting polymers have significantly different 
processing methods. In film processing, soluble conjugated polymers and small molecules can be 
prepared using a solution-coating technique. However, small molecules that are insoluble generally 
require vacuum-deposited sublimation. In the process of vacuum-based thermal deposition, small 
molecules require the evaporation of molecules from a hot source. The molecules are then transported 
through a vacuum to a substrate. In the wet coating process, organic semiconductors need to be 
- 3 - 
dissolved in a volatile solvent, filtered, and deposited onto a substrate. Drop casting, spin coating, 
doctor blading, and inkjet printing are common examples of solvent-based coating techniques. Among 
them, spin coating is a widely used technique for small-area thin film fabrication. The doctor blading 
technique results in a small material loss compared with other techniques. Therefore, it can be 
prepared for large-area thin-film production.
16
  
  Unlike inorganic semiconductors, organic counterparts have optical and electrochemical structural 
properties. Information on optical properties, such as absorption and photoluminescence, can be 
useful for designing and modeling novel organic semiconductors. Optical characterization for organic 
semiconducting materials can be performed using UV-visible absorption spectrophotometers and 
photoluminescence spectrometers.
17, 18
 A study on semiconductor film morphology can be conducted 
using optical microscopy (OM), atomic force microscopy (AFM), transmission electron microscopy 
(TEM), and scanning electron microscopy (SEM). Cyclic voltammetry (CV) is the most useful 
electroanalytical technique for acquiring information on the energy levels of semiconductors. 
Ultraviolet photoelectron spectroscopy (UPS) can also be used to determine the highest occupied 
molecular orbital (HOMO) energy level and is characterized by probing the electronic band 
structure.
19
  
  The current carried in organic semiconductors is associated with π-bonding orbitals and quantum 
mechanical wave-function overlapping. Because there is limited π-bonding orbital overlapping 
between the conduction of charge carriers, electrons or holes, and the molecules in disordered organic 
semiconductors, quantum mechanical features where a particle tunnels through a barrier that it 
classically could not surmount can explain their charge transport. Charge transport in semiconductors 
relies on the ability of the charge carriers to go from one molecule to another. In disordered organic 
semiconductors, hopping conduction is widely regarded as the dominant charge transport mechanism 
because of the quantum-mechanical tunneling nature of charge transport and its subsequent 
dependence on a probability function.
20
 The hopping of charge carriers depends on the energy gap 
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) levels. Carrier mobility depends on the profusion of similar energy levels for the hole or 
electrons to move to and therefore will experience regions of faster and slower hopping, which can be 
influenced by temperature as well as the electric field across the system. The properties of charge-
carrier transport in organic semiconductors can be examined with a number of techniques, such as 
time-of-flight (TOF) and space charge limited current (SCLC), which can be used to characterize the 
bulk conduction properties of organic thin films. The characterization technique for organic field 
effect transistors (OFETs) can probe the interfacial properties of semiconductor films and enables the 
study of charge carrier mobility, transistor threshold voltage, and other FET parameters.  
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1.2 Palladium-catalyzed aryl-aryl cross-coupling reactions 
1.2.1 Research background 
Over the last few decades, a large number of organic semiconducting materials have been developed 
for electronic applications owing to their potential advantages, such as ultra-low-cost fabrication, 
lightweight properties, mechanical flexibility, solution processability, and optoelectronic properties.
21
 
In the synthetic perspective, the palladium-catalyzed aryl-aryl cross-coupling reaction has contributed 
to the development of organic semiconducting materials. In this regard, understanding coupling 
reactions is needed for future designs and to synthesize organic semiconductors. Making new bonds is 
very important and extremely powerful in the organic chemistry field. A cross-coupling reaction in 
organic chemistry forms two hydrocarbon molecular fragments and thus leads to the formation of new 
bonds with the aid of a metal catalyst, which promotes the reaction. Considerable research efforts 
have been focused on improving reaction conditions, including expansion of the substrate scope, 
catalyst loadings, and better functional group tolerance. Due to their contributions to organic reactions, 
Ei-ichi Negishi, Akira Suzuki, and Richard F. Heck were awarded the 2010 Nobel Prize in the 
Chemistry field for their work on palladium-catalyzed cross-coupling.
1, 22
 
 
 
Figure 1.2 Major steps of Pd-catalyzed coupling reaction mechanism. 
 
1.2.2 Mechanism for reactions 
Coupling reactions can be broadly divided into two types: Coupling with two different partners and 
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coupling with two identical partners. In the typical mechanism, the coupling reactions generally begin 
with the “oxidative addition” of one organic halide to the catalyst, followed by “transmetallation,” and 
“reductive elimination.” The oxidative addition and reductive elimination steps are related reactions in 
the reaction mechanism, and they are often steps in catalytic cycles. The process of oxidative addition 
increases both the coordination number of a metal center and the oxidation state. The degree of 
reactivity can be controlled by leaving groups or functional groups where the reactivity increases on 
the order I >OTf> Br >>Cl, alkenyl-OTf>> aryl-OTf. Subsequently, the second partner follows the 
transmetallation step, which involves the transfer of ligands from one metal to another, which places 
both coupling fragments onto the same metal center. The final step is the reductive elimination of the 
two coupling partners to regenerate the catalyst and make a new organic bond. The most frequently 
used metal catalyst is palladium, such as tetrakis(triphenylphosphine)palladium(0) and 
tris(dibenzylideneacetone)dipalladium(0), but some processes use nickel or copper (Figure 1.2).  
 
1.2.3 Examples of coupling reactions 
Kumada reaction 
The Kumada coupling is a useful cross-coupling reaction that generates new carbon–carbon bonds 
through the reaction of an organic halide and a Grignard reagent and is the first example of a metal-
catalyzed cross-coupling reaction method.
23, 24
 This procedure requires transition metal catalysts, 
generally palladium or nickel, to couple with two alkyl and aryl or vinyl groups (scheme 1.1). In 1971, 
early approaches using catalysts based on silver, copper, and iron reported by Tamura and Kochi only 
produced poor yields, because the dominant reaction yielded a homocoupling product, which means 
that two identical species were coupled. After Corriu and Kumada reported the use of nickel-
containing catalysts at the same time, followed by the introduction of palladium catalysts by 
Murahashi in 1975, the classes of the reaction became more widely used.  
 
 
Scheme 1.1 General scheme of Kumada coupling reaction 
 
  According to the proposed Kumada coupling mechanism, the Pd(0) catalyst (1) firstly inserts into 
the R–X bond of the organic halide, which produces an organo-Pd(II)-complex (2). In the following 
transmetallation step, it is necessary to have the Grignard reagent, which produces a hetero-
organometallic complex (3). For the next step, isomerization is needed to bring the organic ligands 
next to each other into mutually cis positions. In the final step, the reductive elimination of (4) forms a 
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new carbon–carbon bond, regenerates the Pd(0) catalyst, and releases the cross-coupled product (1) 
(Figure 1.3). The Kumada coupling reaction has been used in the synthesis of conjugated polymers, 
such as polyalkylthiophenes (PAT). McCollough reported the first synthesis of regioregular 
polyalkylthiophenes using the Kumada coupling mechanism in 1992 (Scheme 1.2).
25
 
 
Figure 1.3 Catalytic cycle for Kumada coupling reaction.
26
 
 
 
Scheme 1.2 Kumada coupling reaction applied to the synthesis of conjugated materials 
 
 
 
Heck reaction  
- 7 - 
The Heck reaction is the cross-coupling reaction of an unsaturated halide or triflate with an alkene in 
the presence of a base and a palladium catalyst for the vinylation of aryl and vinyl halides or triflates, 
which forms a substituted alkene (scheme 1.3).
27
  
 
Scheme 1.3 Heck coupling reaction 
 
 
Figure 1.4 Catalytic cycle for Heck coupling reaction.
28
 
 
Because the Heck reaction involves substituted reactions on planar sp
2
-hybridized carbon centers, it is 
regarded as a greatly important coupling reaction. According to the proposed reaction mechanism, it 
involves a series of transformations around the palladium catalyst. The palladium(0) compound is 
typically prepared in situ from a palladium(II) precursor. For example, palladium(II) acetate is 
reduced by triphenylphosphine to bis(triphenylphosphine)palladium(0) (1), and triphenylphosphine is 
oxidized to triphenylphosphine oxide. In the oxidative addition step (A), the palladium implants itself 
in the aryl-to-bromide bond and then produces a π complex with the alkene (3). In the next step (B), 
the alkene places itself in the palladium–carbon bond in a syn addition step. A torsional strain then 
follows, relieving rotation to the trans isomer. Step C is a beta-hydride elimination step that forms a 
new palladium-alkene π complex (5). This complex is broken in the next step. In the final step (D), 
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the palladium(0) catalyst is regenerated through the reductive elimination of palladium(II) by 
potassium carbonate (Figure 1.4). Due to his contributions to the development of organic materials, 
Heck was awarded the 2010 Nobel Prize in Chemistry. Scheme 1.4 shows an example of Heck 
coupling reaction.  
 
Scheme 1.4 Heck coupling reaction applied to the synthesis of conjugated materials
29
  
 
Negishi reaction 
The Negishi coupling is a chemical reaction of organic halides or triflates with organozinc compounds, 
which forms carbon–carbon bonds. A palladium (0) species is typically used in the metal catalyst, 
although a nickel catalyst is often used.
30, 31
  
 
 
Scheme 1.5 General scheme of Negish coupling reaction 
 
The leaving group X generally includes chloride, bromide, or iodide, as well as acetyloxy or triflate 
groups. The organic residue R typically involves an alkenyl, aryl, allyl, or propargyl. The halide X' in 
the organozinc compound can be chloride, bromine, or iodine. The organic residue R1 can be an 
alkenyl, aryl, allyl, alkyl benzyl, homoallyl, or homopropargyl. The metal M is palladium or nickel. 
The ligand L can be triphenylphosphine, dppe, BINAP, or chiraphos. Because organozincs are very 
sensitive to moisture and air, this coupling reaction must be conducted in a water and oxygen-free 
atmosphere (Scheme 1.5). Due to contributions to the development of organic materials, Negishi was 
awarded the 2010 Nobel Prize in Chemistry. The reaction mechanism follows the standard Pd-
catalyzed cross-coupling pathway (Figure 1.5). Scheme 1.6 indicates an example of Negish coupling 
reaction. 
 
Scheme 1.6 Negish coupling reaction applied to the synthesis of conjugated materials 
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Figure 1.5 Catalytic cycle for Negish coupling reaction.
32
 
 
Stille reaction  
The Stille coupling reaction is a chemical reaction between stannanes and aryl halides that produces a 
carbon–carbon bond through a palladium-catalyzed coupling reaction.33 The R’ group attached to the 
trialkyltin is normally sp
2
-hybridized and includes alkenes and aryl groups. These organostannanes are 
quite stable when they are exposed to both air and moisture. However, their main drawback is the 
toxicity of the tin compounds and their low polarity, resulting in poor solubility in water. X usually 
includes a halide, such as Cl, Br, or I, but pseudohalides, such as triflates and sulfonates, and 
phosphates can often be used (Scheme 1.7).  
 
 
Scheme 1.7 General scheme of Stille coupling reaction 
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Figure 1.6 Catalytic cycle for Stille coupling reaction.
34
 
 
  The mechanism of the Stille reaction, as shown in the basic catalytic cycle, typically includes an 
oxidative addition, transmetallation, and reductive elimination. In the oxidative addition step, LnPd(0) 
(1) inserts itself into a halide or pseudohalide and forms the transmetallation of 3 with an trialkyltin 
reagent (4), and it experiences the reductive elimination of 5 to form the coupled product (7), 
regenerating the palladium catalyst (1). The major advantages of this reaction are that it can tolerate 
different functional groups and requires mild reaction conditions (Figure 1.6). Scheme 1.8 shows the 
synthesis of the conjugated materials through the Stille coupling reaction. 
 
 
Scheme 1.8 Stille coupling reaction applied to the synthesis of conjugated materials 
 
Suzuki reaction 
The Suzuki reaction is the palladium-catalyzed cross-coupling between organoboronic acid and 
halides. It was first reported by Akira Suzuki in 1979, and he was awarded the 2010 Nobel Prize in 
Chemistry for the discovery and development of palladium-catalyzed cross-couplings. The Suzuki 
reaction forms a carbon–carbon single bond by coupling organoboron species (R1-BY2) with a halide 
(R2-X) in the presence of a palladium catalyst and a base (scheme 1.9).
35-37
 The first step in the Suzuki 
reaction mechanism is the oxidative addition of the palladium catalyst to the halide 2, which produces 
the organo-palladium species 3. Basic reagents give intermediate 4, which forms the organopalladium 
species 8 through transmetalation with the boron-ate complex 6. Reductive elimination yields the 
desired product 9, regenerating the original palladium catalyst 1. The Suzuki coupling typically occurs 
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in the basic condition. Scheme 10 shows the synthesis of the conjugated materials through the Suzuki 
coupling reaction. 
 
 
Scheme 1.9 General scheme of Suzuki coupling reaction 
 
 
Figure 1.7 Catalytic cycle for Suzuki coupling reaction.
38
 
 
 
Scheme 1.10 Suzuki coupling reaction applied to the synthesis of conjugated materials 
 
1.3 Diketopyrrolopyrrole (DPP) 
Farnum, et al. first reported on the diketopyrrolopyrrole (DPP) formation in 1974 using attempted 
Reformatskii reactions in the synthesis of benzonitrile to prepare 2-azetinones.
39
 Iqbal et al. then 
proposed the mechanism by retrosynthetically analyzing the formation of DPP to draft a much easier 
and high-yield reaction for the synthesis (scheme 1.11a).
40
 In this method, a succinic ester is 
condensed in a pseudo-Stobbe type with two molecules of aromatic nitriles in the presence of a base 
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to afford the desired DPP in a yield of more than 60% (scheme 1.11b). Another noticeable route for 
the synthesis of DPP was reported by Langhals et al., which is the condensation of diketofurofuran 
with aryl amines in the presence of dicyclohexylcarbodiimide (DCC), as shown in Scheme 1.11c.
41
 
 
 
Scheme 1.11 (a) DPP synthesis through Reformatskii reaction pathway and reaction mechanism, (b) 
DPP synthesis through pseudo-Stobbe condensation pathway, (c) DPP synthesis through 
diketofuranofuran condensation pathway 
 
After the pseudo-Stobbe condensation method was proposed for the synthesis of the DPP core, the 
synthesis of the DPP core with varying aryl terminations, such as phenyl, thiophene, furan, 
selenophene, thienothiophene, and thiazole, has been easy to perform (Figure 1.8). Selecting an 
appropriate terminating aryl can affect the HOMO and LUMO energy levels. It can also influence the 
inter- and intra-molecular charge transfer as well as the molecular orderings, which correlate the band 
gaps, solid state packing, and charge-carrier properties.  
 
 
Figure 1.8 Chemical Structure of DPP core with various aryl terminations. 
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Figure 1.9 Potential reaction sites in diaryl-DPP derivitives.
38, 40
 
 
  Substituting aryl rings are capable of undergoing various electrophilic and nucleophilic reactions. 
Electrophilic bromination is one of the most exploited reactions in the aryl position and is widely used 
for the preparation of DPP-based polymers and oligomers.
42
 The bicyclic lactam chromophore unit of 
the DPP core consists of three different functional groups, that is, double bonds, carbonyl, and NH 
groups, which are viable for potential structural transformations. The bicyclic lactam core of the DPP 
is highly electron withdrawing, which results in strong intermolecular hydrogen bonding between the 
DPP core and another. These structural characteristics lead to the poor solubility of DPP-containing 
molecules due to the cross-linked H-bonding network in the solid state.
43
 For solution processability, 
the active materials need to have good solubility in common organic solvents. Solubilizing groups, 
such as alkyl, aryl or tert-butoxycarbonyl (t-BOC) groups, can be introduced at the 2,5-positions (N 
atoms in the lactam ring) of the DPP core.
44
  
 
1.4 Flexible side chain 
Choosing appropriate side chains is considered as important as choosing conjugated main backbones 
when designing semiconducting materials. Solution-processable conjugated materials generally 
consist of two parts: π-conjugated main backbones and marginal flexible solubilizing side groups. 
Because optoelectronic properties depend on π-conjugated backbones, most research efforts have 
focused on conjugated backbones. Side chains have been considered an insulating part for purification 
and device fabrication when they are introduced to the conjugated backbones.
45-51
 Although 
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tremendously important side chain groups have been introduced over the years, investigations of the 
side chain have not been fully performed. Some recent studies have started focusing on side-chain 
engineering, indicating that this approach could positively affect the charge carrier mobilities of the 
OFETs and solar cell efficiencies of OPVs. In this dissertation on side-chain parts, some 
representative side chains are introduced and overviewed.  
 
Alkyl side chain 
Alkyl chains are one of the most broadly used solubilizing groups in organic materials, and they have 
a −CnH2n+1 molecular formula, where n is the number of carbon atoms. There are two forms of alkyl 
chains: Linear chains, such as hexyl, octyl, and dodecyl, and branched alkyl chains, such as 2-
ethylhexyl, 2-hexadecyl, and 2-octyldodecyl (Figure 1.10). The odd–even effect of side chains has 
been investigated for small molecules, and it has been indicated that properly selected and placed 
linear alkyl chains can expedite interchain interdigitation. Unlike linear alkyl chains, branched alkyl 
chains usually prevent interchain interdigitation, since their bulkiness generally interrupts interchain 
interactions. For the same reason, branched alkyl chains generally have better solubility, even though 
both chains have identical molecular formulas. 
 
Hybrid side chains 
The hybrid side chains typically consist of (CH2)x segments and pending diverse functional groups 
that provide specific properties. They are further categorized into two parts on the basis of their 
connection with the conjugated main backbones. The first category involves side chains with a 
functional group connected directly to the conjugated main backbones, while another category 
includes an edge-functionalized side group. The first category may be further categorized into two 
subgroups: Electron-donating and electron-withdrawing.  
 
Electron-donating side chains 
Electron-donating side chains have an ability to donate electron density to the conjugated backbones 
through a connected bond. Examples of these side chains include alkoxyl (−OR),52-58 alkylthio 
(−SR),59-61 alkylamino (−NHR and −NRR′),62 acetate (−OCOR), and amide (NHCOR) groups. Among 
them, alkoxyl side chains are the most commonly used side chains. The main purpose of choosing 
these side chains is to raise the HOMO energy levels, even though they may affect the LUMO levels. 
These side chains also affect intramolecular interactions, such as hydrogen bonding and 
S(thienyl)−O(alkoxy), rendering the backbone a coplanar structure. 
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Figure 1.10 Examples of side chains. 
 
Electron-withdrawing side chains 
Electron-withdrawing side chains are solubilizing groups that have the ability to withdraw electron 
density from the π-conjugated main backbones. Examples of electron-withdrawing groups include 
acetyl (−COR),63 ester (−COOR),63, 64 amide (−CONHR),65 boron (−BR2),66 and sulfonyl (−SO3R).
67
 
Like electron-donating moieties, these side chains can afford intermolecular interactions, such as 
hydrogen bonding and S-CO interactions.  
 
Fluoroalkyl side chains 
Fluoroalkyl side chains are very interesting and important in conjugated polymers, because they have 
intriguing properties derived from the high electronegativity of the fluorine atom, such as thermal 
stability, hydrophobicity, rigidity, resistance to chemical and oxidative conditions, and self-
organization.
68-79
 When fluoroalkyl and hydrocarbon alkyl chains are adopted into a conjugated main 
backbone, the two segments segregate, generating a highly ordered crystalline structure.
70, 75, 79
 This 
behavior induces the structure to control molecular packing. The introduction of fluoroalkyl chains 
can be hindered by their limited solubility in common organic solvents, which causes problems in the 
purification process. Using supercritical carbon dioxide (scCO2) may be one solution for this problem, 
as it is both environmentally inoffensive and fluorophiphilic.
74, 80, 81
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1.5 Overview of organic photovoltaics (OPVs) 
Research background 
Even though fossil fuels, including coal, natural gas, and oil, are the world’s primary energy source, 
they are finite and can also irreparably harm the environment. Thus, the demand for developing clean 
and renewable energy sources is ever-growing. Among alternative energy sources, such as wind, rain, 
and tidal, sunlight is considered the potential largest energy source phthalocyanine (CuPc) and 
perylentetracarboxylic derivatives in the donor and acceptor active layers deposited by thermal 
vacuum sublimation.
82
 In 1992, Sariciftci et al. revealed efficiently photoinduced electron transfer 
from excited conjugated polymers to the C60-fullerene, which leads to the development of organic 
solar cells through the polymer-fullerene composite.
83
 Yu et al. made a historical finding in the OPV 
devices system through the introduction of a bulk-junction (BHJ) structure for the first time.
10
 There 
has been rapid advancement in the development of promising organic photoactive materials and the 
power conversion efficiencies of organic solar cells.  
 
 
Figure 1.11 The operating mechanism of organic photovoltaics.
84
 
 
Operating principle 
The photovoltaic cell is an electrical device that converts the energy of light directly into electricity. 
Incident photons can be absorbed by either the hole-transporting or the electron-transporting material, 
and then photoinduced excited states lead to electron–hole (e–/h+) pairs with a binding energy of 0.4–
1.4 eV.
85
 This neutral particle, the exciton, participates in random-walk diffusion. Excitons can be 
dissociated into polarons at the blend of donor and acceptor (DA) interfaces. The energy level offset 
between the molecular orbitals of the donor and acceptor layers gives the momentum for the 
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elementary charge transfer. The dissociated electrons and holes can then be transported to electrodes 
through their corresponding percolation pathways. During the processes, there are four main steps: 
Photon absorption (ηA), exciton diffusion (ηED), exciton dissociation, and charge transport (ηCT) charge 
collection (ηCC), and these processes affect solar cell performance and are related to the external 
quantum efficiency (EQE) of a device (Figure 1.12). The EQE value implies the amount of current 
that can be produced when irradiated by photons of a particular wavelength. EQE can be expressed by 
the following equation.  
EQE = ηA × ηED × ηCT × ηCC (1) 
 
 
Figure 1.12 Simplified schematic of photoconversion in an organic photovoltaic cell.
86
 
 
Photon absorption (ηA) 
The photon absorption relies on the absorption spectral band, absorption coefficient, thickness of an 
active layer, and internal reflection. Therefore, it is important to develop noble semiconductors with 
both a small band gap and high absorption coefficient that can absorb large portions of sunlight.
87
 The 
film thickness of the active layer is generally within 100 nm to avoid exciton loss during charge 
transporting.  
 
Exciton diffusion (ηD) 
The exciton diffusion length (LD) and distance (Li) between the photoexciton location and DA 
interface can determine the efficiency of exciton diffusion to a DA interface. The LD is equal to (Dτ)
1/2
, 
where D is the diffusion coefficient and τ is the exciton lifetime.88 Excitons can be diffused to a DA 
interface when Li ≤ LD, otherwise they may cause charge recombination.
89
  
 
Exciton dissociation and charge transport (ηCT) 
LUMO energy offsets and the internal electric field are crucial in determining the efficient 
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dissociation of excitons into free holes and electrons at the interface.
89
 The minimum energy (o.3 eV) 
is required for efficient exciton dissociation, overcoming exciton binding energy at the interface.
90
 
This energy can be produced from the offset between the LUMO energy levels of the donor and the 
acceptor. The ηCT indicates the charge transport efficiency. When free holes and electrons are 
generated, the holes are transported in donor materials, while the electrons are transported in an 
acceptor material. 
 
Collection of charge-carriers (ηCC) 
This is the ratio of the charges transferred from the active layer to the electrodes with respect to the 
total free charges generated to transfer to the electrodes. The ηCC relies on the band alignment between 
the active layer and the electrodes. If the exciton can overcome its biding energy, it can be separated 
into a hole and an electron at the donor and acceptor (DA) interface, collecting charge carriers and 
thus generating a current.
89
  
 
  The power conversion efficiency (η) is given as: η (%) = (JSC × VOC × FF) ×100 (%) / Pin, where Pin 
is the incident power, JSC is the short-circuit current density under short-circuit conditions (V = 0), VOC 
is the open-circuit voltage (I = 0), and the fill factor (FF) is the ratio of its maximum power to the 
product of JSC and VOC. JSC typically depends on the ability of the organic materials to absorb light and 
the charge-carrier mobility as well as film thickness. VOC is determined by the energy difference 
between the HOMO of the donor and the LUMO of the acceptor, and it is given by the following 
relation: VOC = (1/e)[|HOMO(donor)-LUMO(acceptor)| (eV)+△], where △ is the exciton dissociation 
energy, and FF is mainly influenced by the shunt resistance (RSH) derived from the leakage current 
(poor diode contact) and series resistance (RS), which comes from the contact between various 
components in the device (Figure 1.13). The J-V characteristics can be described with the following 
equation: J = J0[exp(q(V-JRSA))/(nkT)–1] + (V-JRSA))/(RSHA)–Jph, where k is Boltzmann’s constant, 
T is the temperature, q is the elementary charge, A is the device area, n is the ideality factor of the 
diode, J0 is the reverse saturation current density, Jph is the photocurrent, RS is the series resistance, 
and RSH is the shunt resistance.
91
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Figure 1.13 Equivalent circuit of a solar cell. 
 
Materials development 
The organic photovoltaic active layer typically consists of donor and acceptor materials. One of the 
earliest-developed polymers is poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylenevinylene] (MEH-
PPV), and one of the most important fullerene derivatives, PCBM, is still broadly used.
92
 In 1995, Yu 
et al. blended MEH-PPV with fluorene and its derivatives, which means that polymer materials can be 
used in solar energy conversion.
10
 Researchers achieved PCEs of more than 3.0% for PPV-based 
PSCs after significant optimization.
93, 94
 However, low hole mobility and narrow light absorption 
range limited further improvements. Poly(3-hexylthiphene) (P3HT) with a higher hole mobility and 
broader spectrum coverage than MEH-PPV has been extensively studied for active materials, and thus 
the power conversion efficiency (PCE) can reach up to 4–5%.95-98 In recent years, many high-
performance polymers have been developed. One of these is poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT) with a narrow 
band gap and broad absorption, covering up to 900 nm. After optimization using alkanedithiol 
additives, the PCE achieved up to 5.5%. Poly[N-9’’-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-
thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) developed by Leclerc et al. gave a PCE of 3.6%,99 
which in 2009 was increased to 6.1% by using a titanium oxide (TiOx) layer as an optical spacer.
11
 
The most impressive progress in a polymer-based solar cell was achieved by the design of thieno[3,4-
b]-thiophene (TT) and benzodithiophene (BDT)-alternating repeating units (Figure 1.14).
64, 100
 Slight 
modification of the TT and BDT polymer molecular backbone has expedited PCEs to 7–8%. 
Following the work, more than 7% PCEs were reported with either new materials or novel device-
optimized fabrication techniques. Quite recently, significant research efforts to develop active 
materials, including conjugated polymer donors and small molecule donors, have been made in 
relation to solar cell efficiency, reaching 10% (Figure 1.15).
101-106
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Figure 1.14 Chemical structures of representative donor materials. 
 
 
Figure 1.15 Chemical structures of high-performance donor materials. 
 
1.6 Overview of organic field-effect transistors (OFETs) 
Research background 
Organic field-effect transistors (OFET) are field-effect transistors that use organic semiconductors in 
their channels. It was first proposed by J.E. Lilienfeld that the field-effect transistor acts as a capacitor 
with a conducting channel between a source and a drain electrode.
107
 When voltage is applied to the 
gate electrode, it controls the amount of charge carriers flowing. In 1960, Kahng and Atalla designed 
and prepared the first field-effect transistor by using a metal–oxide–semiconductor (MOSFET). In 
1987, the first organic field-effect transistor using polythiophene was reported by Koezuka and co-
workers.
108
 The thiophene-based conjugated polymer can conduct charge, eliminating the need to use 
expensive metal oxide semiconductors. In addition, a variety of conjugated polymers have been 
- 21 - 
developed and shown to have semiconducting properties. The improvement of OFETs designed based 
on the thin-film transistor (TFT) model has been achieved, which enables less conductive materials to 
be used.  
 
Operating principle 
OFETs have a switching device configuration that consists of the source, drain, gate electrode, a 
semiconducting layer, and an insulating layer (gate dielectric). There are four general transistor 
architectures: Bottom-gate top-contact (BGTC), bottom-gate bottom-contact (BGBC), top-gate top-
contact (TGTC), and top-gate bottom-contact (TGBC). The BGBC device is prevalent in display 
backplanes and is frequently used because it only requires the deposition of the semiconductor and is 
therefore easy to fabricate. Generally, the BGTC device exhibits a higher performance than BGBC 
because of its better contact between the organic active layer and electrodes. Top-gate configurations 
are most likely to be efficient for practical applications.  
  For the routine process, a highly n-doped crystalline silicon substrate is generally prepared and used 
as a common gate electrode with a thermally grown silicon-oxide layer as a gate dielectric (film 
thickness of approximately 300 nm). For the p-type device, a gold source and drain electrodes are 
commonly used and patterned by lithography to complete the substrate, with proper channel lengths 
and widths. Applying voltage to a gate results in either the accumulation or inversion of charge 
carriers at the organic semiconductor and gate insulator interface. The current flowing between the 
source and drain electrodes can control the gate voltage and also be used to turn the device from the 
off- to the on-state.
109
 
 
Figure 1.16 Schematic cross-section configurations of four organic transistors. Panels (a) and (b) are 
top-gate (TG) configured, with top-contact (TC) and bottom-contact (BC) configured source and drain 
electrodes, respectively. Panels (c) and (d) are bottom-gate (BG) configured, with TC and BC 
source/drain electrodes, respectively.
110
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Figure 1.17 (a) Schematic structure of a field-effect transistor and applied voltages: L) channel length; 
W) channel width; Vd) drain voltage; Vg) gate voltage; VTh) threshold voltage; Id) drain current. (b-d) 
Illustrations of operating regimes of field-effect transistors: (b) linear regime; (c) start of saturation 
regime at pinch-off; (d) saturation regime and corresponding current-voltage characteristics.
111
 
 
  To understand the basic device operation regimes, an n-channel OFET where electrons are 
transferred is typically used. Because there is a large enough number of deep charge trap cites to 
immobilize, the deep charge trap has to be filled before additionally induced charges can become 
mobile. Thus, a minimum gate voltage is required for the free electron density in this channel; that is, 
the threshold voltage, VT. VT is obviously higher than zero in the case of n-channel OFET operation, 
because the flowing charges are negative, whereas it is lower than zero in the case of p-channel 
operation. When no source-drain bias is applied, charge carriers are uniformLy distributed. However, 
when the source-drain bias VD is very small, a linear gradient of charge density is formed in the 
channel, and the current is described by the following equation: ID = μCiW/L([VG−VT]VD−VD
2
/2), 
where ID is the drain current, W is the channel width, L is the channel length, μ is the mobility, Ci is 
the electric capacitance of the insulator per unit area, and VG, VT, and VD are the gate, threshold, and 
drain voltages, respectively. When VD << VG−VT, VD
2
/2 terms can be dropped. As the drain voltage 
increases, the drain current is also increased in this region and can be described by the following 
equation: ID = μCiW/L([VG−VT]VD. If the source-drain voltage is increased further, VD ≈ VG−VT, the 
potential difference between the gate and the drain electrode in the channel no longer exists; this point 
is “pinched-off” voltage. By using the relationship, VD = VG−VT, the drain current and the gate voltage 
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can be described by the following equation: 
ID = μCiW/L([VG−VT]VD−VD
2
/2) = μCiW/L([VG−VT][VG−VT]-[VG-VT]
2
 /2) = μCi-(VG−VT).
2
 A further 
increase in drain voltage only results in pushing the pinch-off point away from the drain. Under this 
condition, the transistor operates in the saturation regime. In the case of transistors with short channel 
lengths, they need to have thin gate dielectrics to ensure that the charge distribution is determined by 
the field within the channel and dominated by the lateral field because of the drain-source voltage.
112, 
113
   
  There are two types of I–V curve: Output (when the gate voltage is constant, Figure 1.18 (a) and 
transfer (when the drain voltage is constant, Figure 1.18 (b). The threshold voltage and mobility can 
be obtained from the transfer curves by using the intercept and the slope of the square-root of the 
drain current (saturation regime) and drain current (linear regime), respectively. The on/off current 
ratio is calculated from the ratio of the maximum and minimum drain currents.  
 
 
Figure 1.18 Typical (a) output and (b) transfer (e.g., obtained in saturation region) curves of an n-type 
FET.
114
 
 
  Generally, OFET materials have either an aromatic or conjugated π-electron system, facilitating the 
delocalization of orbital overlapping. Many semiconducting materials for OFET have been developed, 
including small molecules, such as rubrene, anthracene, tetracene, pentacene, perylenediimide, and 
diindenoperylene, and polymers, such as P3HT, polyfluorene, and polydiacetylene.  
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Figure 1.19 Recently developed conjugated p-type and n-type polymers. 
 
  Over the last few decades, tremendous research efforts have been made to develop organic 
semiconducting materials, including p-type, n-type, and ambipolar properties for OFETs. Until now, 
the performance of small-molecule organic semiconductors has far exceeded the polymeric 
counterpart, most likely due to the reliability of having a similar molecular weight and difficulty of 
having crystalline polymer thin films. However, compared to small molecular or oligomeric materials, 
polymer semiconductors have been suggested as the best candidates for large-scale device fabrication 
due to their superior solution processability and mechanical robustness. Recent efforts in molecular 
design and processing architectures
 
have resulted in remarkable progress in the performance of field-
effect transistors (FETs) based on polymer semiconductors. Figure 1.19 shows a summary of recently 
developed conjugated polymers for the applications of OFETs.
21, 115-122
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Chapter 2 Tuning the majority polarity of charge carrier in organic field-
effect transistors 
 
2.1 Triphenyamine-based conjugated polymer: Highly reproducible organic field-effect transistor 
from pseudo 3-dimensional triphenylamine-based amorphous conjugated copolymer 
 
Adapted from ref. #123 with permission from royal society of chemistry (RSC)
123
 
 
2.1.1 Research background and motivation for the work 
Since the initial report on organic field-effect transistors (OFETs) based entirely on organic 
materials in 1998 at the Philips Research Laboratories,
124
 their performance has seen a 
remarkable improvement, because of advances in material development as well as device 
optimization. In particular, solution-processable –conjugated polymers for OFETs offer the 
prospects of low-cost radiofrequency identification (RFID) tags, flexible and large area displays, 
etc.
125-133
 Until now, regioregular poly(3-hexylthiophene) (rr-P3HT) as a prototype 
microcrystalline polymer is the most widely investigated and exhibits high hole mobility of 
0.1−0.3 cm2V-1s-1 in the devices.97, 127 However, the mobility of rr-P3HT depends very sensitively 
on the degree of head-to-tail regioregularity
97, 127
 and deposition conditions.
97, 134, 135
 Such 
vulnerabilities in the morphology are not only difficult to truly reproduce the high charge 
mobilities but also rr-P3HT has poor photostability when exposed to ultraviolet sunlight in the 
presence of oxygen.
136
 These detrimental features bring out major obstacles to realize the 
commercial OFETs. 
  In this regard, we directed our attention toward an amorphous microstructural polymer to provide a 
uniform path for charge transport, along which carries experience a minimum degree of site-energy 
fluctuations. Owing to the noncoplanarity of the three aryl substituents, electron-rich triphenylamine 
(TPA) with excellent hole transporting ability can be viewed as 3D propeller structure, resulting in the 
amorphous character of the molecules containing it. When working with these materials, morphology 
effects can largely be neglected, most likely generating consistency in carrier mobilities. Besides, we 
believed that the intramolecular charge transfer (ICT) through donor (D)-accepter (A) interaction in 
D-A building blocks would facilitate the charge carrier transport. Thereby, to create D-A architecture, 
diketopyrrolopyrrole (DPP) is chosen as a strong electron-withdrawing building block because of its 
obvious advantages: extremely light, weather and heat stability, very strong light harvesting covering 
a wide spectrum of the sun light, and cost-effective synthesis.
137
 Especially, the fused DPP ring units 
for coplanarity and a closer –stacking distance would be postulated to compensate for the expected 
loss of charge transport pathway from amorphous materials bearing TPA segments, probably 
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enhancing the charge mobilities with reproducibility. Here, we present a new D-A copolymer, 
poly[triphenylamine-4,4'-diyl-co-3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-
1,4-dione-5',5''-diyl] (PTPA-co-DTDPP) that has a TPA and DPP moiety in the repeating unit, as 
shown in Scheme 2.1.1 PTPA-co-DTDPP that forms non-fibrillar structure features highly 
reproducible charge carrier mobility up to 3.3  10-3 cm2V-1s-1 with an extended optical absorption 
toward the whole visible region and narrow bandgap (1.65 eV). 
 
 
Scheme 2.1.1 Synthetic route of PTPA-co-DPP: (i) toluene/2M aq. K2CO3, Pd(PPh3)4, 95°C, 72 h, 75% 
 
2.1.2 Results and discussion 
The synthesis of PTPA-co-DTDPP is illustrated in Scheme 2.1.1 Firstly, 3,6-dithiophen-2-yl-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP) was synthesized according to a previously reported 
method.
138, 139
 To keep good solubility and non-microcrystalline structure of DTDPP-based copolymer, 
bulky branched side chains [i.e., 2-decyltetradecyl]
139, 140
 were introduced at the lactam of NH groups.  
Dibromination of DTDPP in chloroform afforded 3,6-di(2-bromothien-5-yl)-2,5-di(2-
decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (1). The alternating copolymer, poly[triphenylamine-
4,4'-diyl-co-3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5',5''-diyl] 
(PTPA-co-DTDPP) was synthesized by Suzuki polycondensation in toluene using Pd(PPh3)4 as 
catalyst from dibromo-monomer 1 and diboronated triphenylamine (TPA) monomer.
141
 PTPA-co-
DTDPP has good solubility in common organic solvents such as chloroform, toluene, and 
chlorobenzene owing to its long branched side chains. Molecular weight and polydispersity index 
(PDI) of PTPA-co-DTDPP are determined by gel permeation chromatography (GPC) analysis with a 
polystyrene standard calibration. PTPA-co-DTDPP has a high number-averaged molecular weight 
(Mn) of 14.9 kg/mol with a PDI of 1.39. 
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Figure 2.1.1 (a) UV-vis absorption spectra of PTPA-co-DTDPP in dilute CHCl3 solution and thin 
film on quartz plate. (b) Cyclic voltammogram of PTPA-co-DTDPP thin film on the Pt electrode in 
0.1M n-Bu4NPF6 acetonitrile solution at room temperature. 
 
  The UV-vis spectrum of the copolymer in dilute chloroform solution and thin film are shown in 
Figure 2.1.1a. In the solution, PTPA-co-DTDPP exhibits two absorption bands. The first peak is in the 
wavelength range of 300–400 nm and second is in the range of 500–700 nm. The low energy band is 
due to ICT between the electron-donating TPA and electon-withdrawing DPP blocks. The absorption 
maximum (max) of the PTPA-co-DTDPP in solution is observed between 600 and 640 nm with a 
somewhat vibronic feature, indicating the rigid-rod nature of the polymer main backbone, as a result 
of the coplanar structure and strong polarity of the DPP units. In contrast, the absorption of PTPA-co-
DTDPP keeps almost unchanged from the solution to the film, suggesting that the – stacking along 
the polymer chains is limited due to the presence of 3D propeller-like TPA units and two bulky side 
substituents on the DPP units. The optical bandgap (Eg
opt
), estimated from the absorption edge of the 
thin film absorption spectrum, is 1.66 eV, much smaller than that (1.9 eV) of widely used rr-P3HT. 
  To estimate HOMO and LUMO energy levels of PTPA-co-DTDPP, we have studied 
electrochemical properties using cyclic voltammetry of films drop cast onto a platinum carbon 
working electrode with a platinum-wire auxiliary electrode, a Ag wire pseudo-reference electrode, 
and Fc/Fc+ as the external standard (Figure 2.1.1b). PTPA-co-DTDPP shows one quasi-reversible 
oxidation peak and one quasi-reversible reduction peak. According to the empirical equation 
E(HOMO)/(LUMO) = [(E(ox)/(red) – E(ferrocene)) + 4.8] eV, the HOMO and LUMO energy levels were estimated 
as -5.07 and -3.42 eV for PTPA-co-DTDPP. An excellent agreement is found for the optical bandgap 
(1.66 eV) and the electrochemical bandgap (1.65 eV from CV). 
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Figure 2.1.2 (a) Chemical structure of PTPA-co-DTDPP. (b) Schematic representation of OFETs. (c) 
Transfer and (d) output characteristics of OFET device with PTPA-co-DTDPP (L = 50 m, W = 1.5 
mm). 
 
  Figure 2.1.2 shows the OFET characteristics fabricated using PTPA-co-DTDPP as an active 
semiconductor. PTPA-co-DTDPP reveals a typical p-type semiconductor characteristic operating in 
accumulation mode. Importantly, a markedly high on/off current ratio of approximately 10
5
 is not 
only obtained from the drain-source current (Ids) versus the gate voltage (VG) graph, but also the 
output characteristics indicate highly stable device performance with reliable saturation. The OFET 
mobilities are calculated in the saturation regime using the following equation: Ids = (W/2L)μCi (Vgs–
Vth)
2
, where W and L are the channel width and length, respectively, Ci is the capacitance per unit area 
of the insulation layer. Linear plots of Ids
1/2
 vs. Vgs, deduced from the Ids vs. Vgs measurements, yielded 
hole mobility of  = 3.3  10-3 cm2V-1s-1. The variation of mobility values from rr-P3HT OFET 
performance is very large because of its various degrees of crystallinity as induced by the fabrication 
conditions. For example, hexamethyldisilazene (HMDS),
127, 134
 octadecyltrichlorosilane (OTS),
142, 143
 
or other silane or alkyl
143
 treatments have been used to provide a well-defined, ordered surface for 
subsequent semiconductor deposition, which is attributed to significant improvements in the 
performance of polythiophenes due to the perpendicular orientation of molecules to the substrate.
127, 
(a) (b)
(c) (d)
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134
  
  Our experimental results obtained from rr-P3HT devices also exhibit the massive variation of 
mobility values upon various modified substrates even on the same fabrication condition, leading to 
the differences of over two order of magnitude in the OFET performance (see Figure 2.1.3).  
 
 
Figure 2.1.3 Variation of mobility values of rr-P3HT (a) and PTPA-co-DTDPP (b) OFETs as a 
function of various modified substrates. 
 
Notably, in contrast to rr-P3HT, the mobilities of PTPA-co-DTDPP OFETs are almost no change 
when going from bare SiO2 to HMDS or OTS treated substrates. In order to obtain further additional 
evidence on a morphological dependence free in the OFETs, we subsequently decide to study the 
annealing temperature dependence of the mobilities.  
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Figure 2.1.4 Variation of mobility values of rr-P3HT (a) and PTPA-co-DTDPP (b) OFETs as a 
function of annealing temperatures under various modified substrates. 
   
  Figure 2.1.4 shows the mobility data as a function of annealing temperatures under various 
modified substrates (SiO2, HMDS, and OTS), respectively. It is clearly revealed that various 
annealing temperatures are sufficient to induce significant morphological changes in the case of rr-
P3HT OFETs, resulting in large deviations for the measured mobilities, which is consistent with other 
literatures.
144
 However, the contribution from the temperature dependence of the PTPA-co-DTDPP 
OFETs is slightly negligible in the temperature range studied (Figure 2.1.4b). Therefore, PTPA-co-
DTDPP can be ideal to be OFETs with a variety of dielectrics in both top and bottom gate 
configuration and isolate effects relating to morphology.  
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Figure 2.1.5 AFM height images of PTPA-co-DTDPP films (a) at room temperature and (b) after 
annealing at 120
o
C. (c) XRD data obtained from spin-coated PTPA-co-DTDPP thin films annealed at 
different temperatures. 
 
  Tapping mode atomic force microscopy (AFM) was employed to study the surface morphology of 
the polymer films. Figure 2.1.5a shows an as-cast PTPA-co-DTDPP film that consists of small 
‘nodules’ and is similar to that typically reported for rr-P3HT films145, 146 Interestingly, the polymer 
film annealed at 120
o
C is still composed of clustered non-fibrillar structures with small grains, 
whereas a annealed rr-P3HT and DPP-based polymers films
147, 148
 have been revealed highly oriented 
crystallite domains with isotropic phase. The macroscopically disordered, amorphous morphology of 
PTPA-co-DTDPP films in both as-spun and annealed is supported by no scattering patterns by X-ray 
diffraction (XRD) analysis (Figure 2.1.5c) at the same temperatures employed for AFM study. This is 
attributed to the harmonized effects of the star-shaped TPA units and sparse side chain placement. 
From these results, it would be tempting to conclude that PTPA-co-DTDPP is away from materials 
that depend on the morphology. This notion is indeed good consistent with OFET data described 
above. Despite that PTPA-co-DTDPP does not show the nanofibrillar morphology, it enables to 
achieve high mobility of 3.3  10-3 cm2V-1s-1 with reproducibility. 
 
2.1.3 Conclusion 
We have demonstrated the realization of reproducible high-mobility transistor using a common gold 
electrode and a new donor-acceptor copolymer semiconductor (PTPA-co-DTDPP) that consists of 
electron-rich TPA and fused electron deficient DPP building blocks. Cyclic voltammetry 
measurement shows a narrow bandgap of 1.65 eV and clear reversibility in both the p-doping and n-
doping processes. Even though an amorphous morphology in the solid state of PTPA-co-DTDPP at 
various annealing temperatures forces due to the combination of the 3D propeller-like TPA units and 
bulky branched side chains, the unusually high mobility of up to 3.3  10-3 cm2V-1s-1 is observed. It 
must be enunciated that considering the morphology independency with a high charge transport 
property and cost effectiveness, PTPA-co-DTDPP can be a promising material for practical, scalable 
optoelectronic applications. 
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2.2 Benzothiadiazole-based conjugated polymer: Poly(diketopyrrolopyrrole-benzothiadiazole) with 
ambipolarity approaching 100% equivalency 
 
Adapted from ref. #139 with permission from wiley
139
 
 
2.2.1 Research background and motivation for the work 
Conjugated polymers based ambipolar FETs that integrate both p-type and n-type channels in one 
device and thereby simplify circuit design and fabrication processes, are particularly attractive for use 
in low-cost, flexible, and portable electronic applications.
149-151
 Since the typical conjugated polymers 
show either hole mobility or electron mobility, scientists have attempted to use the blending systems 
as an active layer in the channel, or to use the bilayers consisting of hole transporting and electron 
transporting materials, separately to realize ambipolar FETs.
21, 134, 152
 Although ambipolar FETs have 
been successfully demonstrated by utilizing these techniques, the achievement of the ambipolarity 
from a single-component material would be the most ideal strategy due to the attractiveness of easy-
solution processing. Thiophene-based conjugated polymers such as poly(3-hexylthiophene) (P3HT) 
and poly(2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b] thiophene) (PBTTT) have been preferred to 
use as active materials in polymer FETs because of their relatively high mobility.
21, 134
 The thiophene-
based aromatic conjugated polymers, however, generally showed unipolar hole transport because of 
the electron-rich nature of the thiophene rings. Recently, with increasing attention of low band gap 
polymers based on donor (D)-acceptor (A) architecture, electron deficient units (electron acceptor) 
such as benzothiadiazole (BTZ),
153
 benzo[1,2-c;4,5-c′]bis[1,2,5]thiadiazole (BBT),152 and 
diketopyrrolopyrrole (DPP)
154, 155
 
 
have been introduced into the polymer backbones, which are 
expected to realize effective ambipolar behavior. 
  Although Marks and coworkers have demonstrated ambipolar FETs based on the 
indenofluorenebis(dicyanovinylene) core,
156
 the measured mobility was only ~10
-4
 cm
2
V
-1
s
-1
; i.e. 
lower than BHJ bipolar FETs. Bürgi et al. reported ambipolar near-infrared light-emitting FETs using 
BBTDPPI. Janssen and coworkers reported the ‘nearly’ balanced ambipolar material, PDPP3T, with 
alternating diketopyrrolopyrrole (DPP) and terthiophene units.
152, 154
 However, the hole mobility was 
higher than the electron mobility. In addition, the threshold voltage of electron channel is higher than 
that of the hole channel. To improve electron transport, we introduce one more electron deficient 
building block, benzothiadiazole (BTZ), in the D-A alternating copolymer consisting of DPP and two 
unsubstituted thiophene rings, namely poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione-5’,5’’-diyl-alt-benzo-2,1,3-thiadiazol-4,7-diyl] (PDTDPP-alt-BTZ). 
  Recently, the initial results on ambipolar PDTDPP-alt-BTZ FETs were reported,
148
 here we have 
entirely investigated the optoelectronic features of PDTDPP-alt-BTZ to gain a better understanding 
and with a view to optimization for high-end applications. We report on the optoelectronic features of 
- 33 - 
PDTDPP-alt-BTZ including UPS data that enable determination of the HOMO energy level, 
ambipolar FET data, demonstration of a high gain inverter using n-channel and p-channel FETs 
fabricated from this ambipolar semiconducting polymer, density functional calculations (DFT) of the 
electronic structure, the absorption and ultrafast photoinduced absorption data. 
 
 
Scheme 2.2.1 Synthetic route to PDTDPP-alt-BTZ: Reagents and conditions: (i) 2-
Decyltetradecylbromide, K2CO3, DMF, 120
o
C, under Ar, 24h, 55%; (ii) NBS, CHCl3, RT, dark and 
under Ar, 24h, 53%; (iii) Pd(PPh3)4, K2CO3, toluene/H2O, 95
o
C for 72h, 75% 
 
2.2.2 Results and discussion 
The synthesis of PDTDPP-alt-BTZ was carried out as depicted on Scheme 2.2.1. Firstly, 3,6-
dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP, 1) was synthesized according to 
the procedure in the literature.
138 
To improve the solubility and the film-forming ability of DTDPP-
based copolymers, two extended 2-decyltetradecyl chains
140
 were introduced at the 2,5-positions (N 
atoms in the lactam ring) of the DTDPP moiety. Dibromination of 1 in CHCl3 afforded 3,6-di(2-
bromothien-5-yl)-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4- dione (2). The alternating 
copolymer poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-
diyl-alt-benzo-2,1,3 thiadiazol-4,7-diyl] (PDTDPP-alt-BTZ) was synthesized by Suzuki 
polycondensation in toluene using Pd(PPh3)4 as catalyst from the dibromo-monomer 2 and 
commercially available 4,7-diboronicester-2,1,3-benzothiadiazole further purified by recrystallization 
from methanol. Through a combination of the high purity of two monomers and the compensation for 
the expected loss in solubility by using the branched solubilizing groups, it allows us to access 
PDTDPP-alt-BTZ in high molecular weight, which is a crucial factor for its electronic performance. 
PDTDPP-alt-BTZ has good solubility in common organic solvents such as chloroform, toluene, and 
chlorobenzene. Molecular weight and polydispersity index (PDI) of PDTDPP-alt-BTZ are determined 
by gel permeation chromatography (GPC) analysis with a polystyrene standard calibration. PDTDPP-
alt-BTZ has a high number-averaged molecular weight (Mn) of 135.6 kg/mol with a PDI of 4.26. 
- 34 - 
 
Figure 2.2.1 (a) UV-vis-NIR absorption spectra of PDTDPP-alt-BTZ in dilute CHCl3 solution and 
thin film on quartz plate. (b) UPS spectrum of PDTDPP-alt-BTZ. 
 
  The UV-vis-NIR absorption of PDTDPP-alt-BTZ was investigated in chloroform solution and in 
the films as depicted in Figure 2.2.1a. Transparent and uniform polymer film was prepared on quartz 
by spin-casting from chloroform solution at room temperature. PDTDPP-alt-BTZ in solution displays 
a strong broad absorption band with a maximum 901 nm covering from 600 to 1000 nm, arising from 
intramolecular charge transfer (ICT) in the polymer backbone. Even though the profile in shape of 
absorption spectra of PDTDPP-alt-BTZ is essentially unchanged from the solution state to the solid 
state, the absorption maximum of PDTDPP-alt-BTZ in film shows a red-shift by 40 nm compared 
with that in solution, which is related not only to the intermolecular interaction in the solid state 
caused by the strong polarity of the lactam groups on DTDPP units
157
 but also to the increased 
vibronic coupling associated with molecular rigidity imposed by molecular connectivity in solution 
measurement. 
  Figure 2.2.1b displays the ultraviolet photoelectron spectroscopy (UPS) spectrum taken for a 
PDTDPP-alt-BTZ film. The abscissa is the binding energy relative to the Fermi energy (EF) of Au, 
which is defined by the energy of the electron before excitation relative to the vacuum level. Ecutoff is 
the high binding energy cutoff of the PDTDPP-alt-BTZ and is determined by linear extrapolation to 
zero at the yield of secondary electrons.
158, 159 
Inseted Figure 2.2.1b shows the HOMO region. The 
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EHOMO is the onset relative to the EF of Au (at 0 eV). From Figure 2.2.1b, Ecutoff is 16.97 eV, and 
EHOMO is 0.87 eV. The ionization potential (IP, HOMO) is determined by using the incident photon 
energy (h = 21.2 eV) for He I, Ecutoff, and EHOMO according to the equation,
160, 161
  
IP = h – (Ecutoff - EHOMO) (2) 
  The electron affinity (EA, LUMO) is estimated by using the HOMO and the optical gap from the 
UV-vis-NIR absorption from Figure 2.2.1a. The uncertainty of the EA is due to a difference between 
the true gap and optical gap by the exciton binding energy.
158-162
 From the UPS and absorption spectra, 
the IP and EA of the PDTDPP-alt-BTZ are 5.1 eV and 3.9 eV, respectively. Note that the IP of the 
polymer series is about 5.1 eV, which is approximately 0.3 eV greater than that of regioregular P3HT. 
This suggests that the higher IP mainly arises from the reduced delocalization from the fused DPP 
aromatic ring. The optical data including the absorption peak wavelength (max) in both solution and 
film, and the optical band gap (Eg
opt
) as well as IP value are summarized in Table 2.2.1. 
 
Table 2.2.1 Photophysical properties of the copolymer 
 λmax (nm) IP 
(eV)a 
Eg
opt 
(eV)b 
PDTDPP-alt-BTZ 
solution film 
901 927 5.1 1.2 
aDetermined by ambient ultraviolet photoelectron spectroscopy (UPS) technique. bCalculated from the absorption band edge 
of the copolymer film, Eg
opt = 1240/edge 
 
  Figure 2.2.2 indicates tapping mode atomic force microscopy (AFM) images of PDTDPP-alt-BTZ 
on PPcB modified silicon wafer substrate. These AFM images of PDTDPP-alt-BTZ show that they 
have aggregated granular surfaces. The RMS roughness value is 1.15 nm for 2 μm x 2 μm scan area. 
The molecular packing of the copolymer in thin films cast from solution (onto a Si wafer as substrate) 
was studied by X-ray diffraction (XRD) analysis. No scattering patterns are observed, suggesting a 
macroscopically disordered, amorphous solid (Figure 2.2.2b).  
 
Figure 2.2.2 (a) Height (left) and phase (right) AFM images and (b) X-ray diffraction (XRD) pattern 
of PDTDPP-alt-BTZ thin film. 
 
a b
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Figure 2.2.3 (a) Schematic device structures of PDTDPP-alt-BTZ FET. (b) Output characteristics of 
ambipolar PDTDPP-alt-BTZ FET. (c) Transfer characteristics of ambipolar PDTDPP-alt-BTZ FET 
under p-type operation (Vds, Vgs < 0) and n-type operation (Vds, Vgs > 0). (d) Transfer characteristics of 
fully optimized ambipolar PDTDPP-alt-BTZ FET fabricated with two different electrodes. Au was 
used as a source metal and Al was used as a drain metal for easy injection of hole and electron, 
respectively.  
 
  Figure 2.2.3a shows the schematic device structures of PDTDPP-alt-BTZ FET fabricated on SiO2 
(200 nm)/n++ Si substrate covered by a 60 nm thick layer of spun-cast polypropylene-co-1-butene 
(PPcB). PPcB layer was introduced as a passivation layer to remove hydroxyl group which acts as 
trap sites of electrons.
163
 Figure 2.2.3b shows the output characteristic curves of PDTDPP-alt-BTZ 
FET. Measured output characteristic curves show typical ambipolar characteristics; diode-like curves 
at low gate bias and saturation curves at high gate bias. Furthermore, it displays beautiful symmetry 
between p-type operation (Vds < 0, Vgs < 0) and n-type operation (Vds > 0, Vgs > 0). Figure 2.2.3c 
demonstrates the ambipolar transport properties. PDTDPP-alt-BTZ FETs exhibit balanced hole and 
electron mobilities of 0.061 and 0.054 cm
2
V
-1
s
-1
, respectively. We obtained the balanced transport 
using Ag source-drain electrodes. When different workfunction metals were used as the source and 
drain electrodes, n-type and p-type performances were systematically demonstrated.
164
 For the device 
with Au electrodes, the hole mobility was slightly higher than the electron mobility. For the FET with 
Al electrodes, the electron mobility was higher than the hole mobility. Therefore, to obtain maximized 
hole and electron mobilities, we have made a FET with “two color” electrodes as shown in Figure 
2.2.3d. The mobilities obtained from the optimized FET with two color electrodes (Au for source 
electrode and Al for drain electrode) were 0.097 cm
2
V
-1
s
-1
 for the hole and 0.089 cm
2
V
-1
s
-1
 for the 
electron. These values are among the highest ambipolar equivalency reported for single-component 
polymer ambipolar transistors.  
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Figure 2.2.4 Inverter characteristics based on two identical ambipolar PDTDPP-alt-BTZ FETs. The 
steepness of the inverter curve indicates a gain of ~35.  
 
  The well balanced ambipolar nature of PDTDPP-alt-BTZ FETs prompted us to examine CMOS-
like inverters using two identical ambipolar transistors with a common gate as the input voltage (VIN) 
(see Figure 2.2.4, inset). Figure 2.2.4 shows the output voltage (VOUT) as a function of the input 
voltage (VIN) at constant supply bias (VDD). The output characteristic of inverter with positive VDD and 
VIN works in the first quadrant, while the output characteristic of inverter with negative VDD and VIN 
works in the third quadrant. The steepness of the inverter curve indicated the maximum gain of ~35, 
which is a relatively good value for single-component-based inverters fabricated from organic 
FETs.
165-167 
The presence of the ambipolarity is explained by the delocalized character of the HOMO 
and LUMO on both donor and acceptor regions within the repeat unit of the monomer. 
 
 
Figure 2.2.5 Charge-density isosurface for the HOMO (top) and LUMO (bottom) levels of PDTDPP-
alt-BTZ. Both HOMO and LUMO isosurface are well delocalized over the entire conjugated main 
chain. 
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  Figure 2.2.5 depicts the electron-state-density distribution of the HOMO and LUMO of geometry 
optimized structures (DFT, B3LYP/6-31G) of PDTDPP-alt-BTZ (two repeating units) using the 
Gaussian 03 program. Since the side chains in PDTDPP-alt-BTZ do not contribute significantly to the 
variation of chain conformation and charge-density isosurface, they were excluded from our 
calculation. The results indicate that the electron density of HOMO and LUMO are delocalized over 
the entire conjugated monomer (both the acceptor unit and donor unit). Typically, for conventional D-
A conjugated copolymers (D-D-A-D structure), electron transport is hindered because of the localized 
character of the LUMO on the electron-acceptor site.
168
 The reason of this localization is that there is 
no electron wave-function overlap because of relatively long distance between electron-acceptor sites. 
However, in the case of our PDTDPP-alt-BTZ, since we build D-A-D-A alternating structure, the 
distance between electron-acceptor sites is shortened with reasonably good overlap of the electron 
wave-function on successive acceptor sites. 
 
Figure 2.2.6 Photocurrent measurement of PDTDPP-alt-BTZ. 
 
  Although the PDTDPP-alt-BTZ itself has ideal band gap as a donor material for BHJ solar cells 
together with good transport properties for injected charges, no photovoltaic effects are detected in 
BHJ solar cells fabricated using the blends with PC61BM or PC71BM. We found that for pristine 
PDTDPP-alt-BTZ film, the photoresponse is very low and there is no detectable photocurrent in the 
NIR region (700–1000 nm) in spite of strong absorption as shown in Figure 2.2.6. This lack of a 
photoresponse at lower energy peak was also observed on dithienylcyclopentadieneone-thiophene D-
A copolymers from our previous work.
133
 In the case of some D-A copolymers such as poly(2,7-
carbazole-alt-dithienylbenzothiadiazole) (PCDTBT),
11
 it has been reported that the high-energy 
excitation generate more carrier than low energy pump. More detailed studies are currently underway 
to explore the interpretation.  
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Figure 2.2.7 Transient photoinduced absorption spectra of PDTDPP-alt-BTZ. 
 
  The photoexcitation of PDTDPP-alt-BTZ thin film was investigated by transient photoinduced 
absorption spectroscopy in the visible and near infrared spectral ranges using excitation at 800 nm and 
400 nm. The transient absorption spectra (TA) recorded at 0.5 ps time delay are shown in Figure 2.2.7. 
For 400 nm excitation, TA spectra show a broad negative photoinduced absorption band (PA) and a 
positive signal above 1.25 eV resulting from photo-bleaching (PB) of the absorption band of the 
pristine polymer. The TA spectra at 800 nm excitation shows a clear red shift compared to that of 400 
nm excitation. The positive signal around 1.23 eV (the spectral range of the PL) was assigned to 
stimulated emission (SE) band for 800 nm pump. The absence of SE band for high energy pump (400 
nm) shows the lower exciton generation efficiency, or possibly higher charge carrier yield, which has 
been observed in other D-A copolymer like PCDTBT. The inset shows the dynamics of PB band for 
both pump wavelengths. The decay of the PB signal measures the recombination decay dynamics of 
all the photo-generated excitations. For PDTDPP-alt-BTZ thin film, the recombination is very fast 
with lifetime about 7 ps for both excitation wavelengths. The time decay for photoinduced absorption 
(PA) below 1.1 eV shows similar decay rate as that of PB. Since the photoconductivity is proportional 
to the lifetime of the carrier, the fast recombination of PDTDPP-alt-BTZ can be the one of the reason 
for the low photocurrent.  
 
2.2.3 Conclusion 
In conclusion, we have demonstrated n-type, p-type equivalent ambipolar properties from the D-A 
conjugated copolymer, PDTDPP-alt-BTZ containing benzothiadiazole (BTZ), diketopyrrolopyrrole 
(DPP) and two unsubstituted thiophenes. DFT calculation results show that the electron density of 
HOMO and LUMO are delocalized over the entire conjugated main backbone (both the acceptor unit 
and donor unit). Ambipolar PDTDPP-alt-BTZ FETs show beautiful symmetry between p-type 
operation and n-type operation. The mobilities obtained from fully optimized FET with two color 
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electrodes (Au for source electrode and Al for drain electrode) were 0.1 cm
2
V
-1
s
-1
 for the hole and 
0.09 cm
2
V
-1
s
-1
 for the electron. These values are among the highest reported for single-component 
polymer ambipolar transistors. The inverter constructed with the combination of two identical 
PDTDPP-alt-BTZ FETs exhibits a gain of ~35. 
 
2.3 Bis-benzothiadiazole-based conjugated polymer: Swapping field-effect transistor 
characteristics in polymeric diketopyrrolopyrrole semiconductors: Debut of an electron dominant 
transporting polymer 
 
Adapted from ref. #169 with permission from royal society of chemistry (RSC)
169
 
 
2.3.1 Research background and motivation for the work 
Stimulated by the need for low-cost, flexible, and solution-processed electronics, complementary 
integrated circuits from both p- and n-channel organic field-effect transistors (OFETs) are widely 
viewed to be the linchpin of next generation electronic devices because of their low power 
consumption, easy patterning technique, and large noise margin.
150, 170
 Considering a key prerequisite 
for inexpensive device assembly by spin-coating, casting, or printing, polymeric materials are obvious 
candidates for satisfactory OFETs and practicable logic circuits since they enable ink formulation 
with tuned rheological properties.
13, 171
 As far as solution-processable polymeric semiconductors are 
concerned, impressive progress has been achieved in developing p-type conjugated polymers such as 
P3HT, F8T2, PBTTT, and PQT of which OFETs exhibit hole mobilities (h) of  0.01–1 cm
2
V
-1
s
-1
 
with good ambient stability.
21, 172, 173
 However, solution-processable n-type polymers largely remain 
elusive.
156, 174-176
 To the best of our knowledge, only few studies have been reported focusing on 
polymers based on naphthalene,
177-179
 and perylene diimide
177, 180, 181
 as well as the ladder-polymer 
BBL.
182
 In spite of much effort in synthesizing novel n-type polymers,
183, 184
 the development of 
polymers having appreciable electron mobilities that are soluble in conventional organic solvents and 
air-stable under ambient conditions, has met limited success.
185
 
 
Figure 2.3.1 Molecular structure of PDTDPP-BisBT. 
  To pioneer an innovative new material that validates favorable properties of charge carrier 
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mobilities for either electrons or holes, an original diketopyrrolopyrrole (DPP)-based materials-design 
methodology is devised to evaluate structural modification options. Herein, we demonstrate a new 
family of readily processable n-type dominant polymer with an extended optical absorption toward 
the IR region, namely poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-
dione-5′,5''-diyl-co-4,4′-bis-(2,1,3-benzothiadiazole)-7,7′-diyl] (PDTDPP-BisBT) that integrates both 
DPP and bis-benzothiadiazole (BisBT) units as powerful electron-deficient building blocks (Figure 
2.3.1). 
 
2.3.2 Results and discussion 
Synthetic strategies and chemical characterization 
The 3,6-(2-thiophenyl)-substituted diketopyrrolopyrrole (thiophenyl DPP) unit has a well-conjugated 
structure, which leads to strong – interaction,157 and the lactam part makes the DPP unit exhibit a 
high electron-withdrawing effect, and hence the DPP segment possesses high electron affinity.
186
 
Although significant progress has been made for application of thiophenyl DPP-containing materials 
in both organic photovoltaic cells (OPVs) and OFETs, all OFETs reported in the literatures based on 
these materials have shown either good p-channel properties or ambipolar transport characteristics.
139, 
147, 148, 152, 154, 187, 188
 Besides, it has been recently reported that ambipolar transistors, integrated CMOS-
like inverters, and ring oscillators with poly(diketopyrrolopyrrole-terthiophene) as semiconductor.
189
 
Thus, the thiophenyl DPP-based polymers without exception have been applied as donor layers in 
OPV devices.
154, 187, 190
 Independently, we found that thiophenyl DPP-based polymer, PDTDPP-TPA 
(see Figure 2.3.2) bearing electron-rich triphenylamine (TPA) building blocks, exhibits high hole 
mobility.
123
 What’s more, in our earlier study, the replacement of TPA group in PDTDPP-TPA by 
electron-deficient benzothiadiazole (BT) moiety resulted in an excellent ambipolar polymeric 
semiconductor PDTDPP-BT.
139
 From such observations, we have designed a copolymer PDTDPP-
BisBT consisting of bis-benzothiadiazole (BisBT) and thiophenyl DPP segments to possess an 
extended –electron affinity system along the main chain, which would further strengthen electron 
charge carrier transport and be anticipated to afford n-channel OFETs. 
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Figure 2.3.2 Chemical structures of thiophenyl DPP -based polymers in the study. 
 
 
 
Scheme 2.3.1 Synthetic route to PDTDPP-BisBT: Reagents and conditions: (i) LDA, THF, -
 
40
o
C 
under Ar, 24h, 79%; (ii) Pd2(dba)3/P-(o-Tol)3, K3PO4, toluene/H2O, 95
o
C for 72h, 50% 
   
  The thiophenyl DPP as a starting compound was synthesized according to the literature 
procedure.
138
 To overcome the solubility issue, we chose long branched alkyl side chains, 2-
decyltetradecyl groups to substitute DPP at the nitrogen atoms. And then, we treated the thiophenyl 
DPP containing two 2-decyltetradecyl solubilizing groups with lithium diisopropylamine (LDA) 
solution at low temperature (–40
o
C), followed by the addition of 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane, to generate the corresponding diboronic ester 1 with a yield of 79%. As shown in 
scheme 2.3.1, the thiophenyl DPP units were incorporated into the polymer backbone by a 1:1 
copolymerization with a 4,4′-bis(2,1,3- benzothiadiazole) comonomer,191 affording PDTDPP-BisBT. 
The resulting polymer is readily soluble in all organic solvents tested at room temperature due to the 
long branched side chain substitutions. The number-average molecular weight (Mn) of PDTDPP-
BisBT is 57,000 kg/mol with a polydispersity index of 3.5, as determined by using GPC with a 
polystyrene standard calibration. 
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Figure 2.3.3 (a) UV-vis-NIR absorption spectra of PDTDPP-BisBT in dilute CHCl3 solution and thin 
film on quartz plate. 
 
  To access detail information on the electronic structure of the polymer, the photophysical properties 
of PDTDPP-BisBT were investigated by UV-vis-NIR absorption spectroscopy in dilute chloroform 
and as spin-coated film on quartz substrate (Figure 2.3.3). In solution, PDTDPP-BisBT shows an 
absorption band centered at 780 nm with a vibronic absorption shoulder at 865 nm which is associated 
with molecular rigidity imposed molecular connectivity in the solution measurement, indicating the 
rigid-rod nature of the polymer main backbone, as a result of the coplanar structure and strong 
polarity of the DPP units. The absorption maximum is larger than our earlier reported polymer 
PDTDPP-TPA (max = 500–700 nm).
123
 A rationale for the relatively wider optical band gap of 
PDTDPP-TPA (1.65 eV) is the minimized coplanarity in the polymer backbone as a result of 3D 
propeller-like TPA units as well as the weakness of intramolecular charge transfer (ICT) compared to 
PDTDPP-BisBT. 
  The absorption spectrum of PDTDPP-BisBT in the film is almost identical to that in solution and 
no significant bathochromic shift is revealed. This observation is in contrast to most DPP-based 
polymers, in which there are strong red-shifts from the solutions to the films since they have the fused 
DPP ring units for coplanarity, aggregation, and reducing –stacking.138, 188, 192 This is most likely 
attributed to the two bulky side chains impeding a planar conformation of the DPP segment. In 
addition, we cannot rule out that steric interaction between the adjacent BT units in the BisBT 
segment can produce twisting around their inter-ring bonds, which probably leads to reduced –
conjugated electronic structure along the chain.
193
 This assumption is supported by a previous 
reported on the single crystal X-ray structure of a BisBT derivative that showed a noplanar anti-
conformation with strong twist angles of about 43–54
o
 between the two BT units.
191
 As a consequence 
of the severe torsion between the two BT units, despite the relatively stronger electron accepting 
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character of the BisBT versus the BT, the optical bandgap of PDTDPP-BisBT is 1.27 eV, which is 
slightly higher than that of PDTDPP-BT (1.20 eV) containing single BT with the same set of DPP 
blocks.
139
 
 
Figure 2.3.4 (a) Cyclic voltammogram of PDTDPP-BisBT thin film on the Pt electrode in 0.1M n-
Bu4NPF6 acetonitrile solution at room temperature. (b) Energy level diagrams of thiophenyl DPP 
derivatives. 
 
Electrochemical Properties  
Cyclic voltammetry (CV) was performed to determine the highest-occupied molecular orbital 
(HOMO) and lowest-unoccupied molecular orbital (LUMO) energy levels of the conjugated polymer. 
The CV curves were recorded referenced to an Ag/Ag
+
 (0.1 M of n-Bu4NPF6 in acetonitrile) electrode, 
which was calibrated by a ferrocene-ferrocenium (Fc/Fc
+
) redox couple (4.8 eV below the vacuum 
level). As shown in Figure 2.3.4a, PDTDPP-BT shows quasi-reversible oxidation/reduction processes. 
The corresponding LUMO energy is estimated at –3.77 eV from the onset reduction potential in CV. 
The LUMO value is noticeably deeper than those calculated in the same manner for both PDTDPP-
TPA (–3.42 eV)
123
 and PDTDPP-BT (–3.59 eV)
139
 while the HOMO energies of the three polymers 
reveal remarkable similarities within experimental error (–5.07 eV for PDTDPP-TPA, –5.07 for 
PDTDPP-BT, and -5.04 for PDTDPP-BisBT), indicative of the identical thiophenyl DPP counterparts 
(see Figure 2.3.4b). The discrepancy (0.01–0.27 eV) of the electrochemically and optically determined 
band gaps could be due to the exciton binding energy of conjugated polymers, which can be 0.4–1.0 
eV.
194
 Interestingly, the low-lying LUMO position is comparable to well-known n-type polymers 
containing rylene bisimides electronically conjugated along the backbone,
177, 179
 approaching that of 
the polymer based on strongly electron-depleted naphthalene diimide with the lowest LUMO of ~ –4.0 
eV reported to date.
178, 181
 The low-lying LUMO level for PDTDPP-BisBT is desirable to enable an 
electron-transporting semiconductor since the lower the LUMO energy, the lower the bias required to 
inject the carriers and the less susceptible are the electrons to trapping.
181
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Figure 2.3.5 DFT-optimized geometries and charge-density isosurfaces for the HOMO and LUMO 
levels and the side views of thiophenyl DPP-based polymers. 
 
DFT electronic structure calculation 
To understand the position and energies of frontier orbitals for the conjugated polymers, density 
functional theory (DFT) calculations on their electronic states are performed using the Gaussian 03 
package at the B3LYP/6-31G* (Figure 2.3.5). Both PDTDPP-TPA and PDTDPP-BT data in this 
study are presented to help us better understand the changed electron-state-density distributions of the 
HOMO and LUMO in the geometry optimized structures by changing comonomers in the thiophenyl 
DPP-based polymers. The alkyl chains in the polymers were replaced by methyl groups to reduce the 
time required for calculation. The optimized geometry of PDTDPP-BT reveals a highly planar BT  
core with negligible intramonomer torsion and both the PDTDPP-TPA and PDTDPP-BisBT are 
predicted to have large dihedral angles of the aromatic counterparts in the settlement of thiophenyl 
DPP units. As depicted Figure 2.3.5, the HOMO isosurface of PDTDPP-TPA is well delocalized 
along the conjugated chain whereas the LUMO is disconnected at TPA moiety, showing only p-type 
OFET reported in our previous study.
123
 Also, in the course of our earlier experiment for PDTDPP-BT, 
the charge delocalizations of both the HOMO and LUMO orbitals had been observed, resulting in 
effective ambipolar behavior. In the case of PDTDPP-BisBT, to our surprise, the coefficients in the 
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HOMO orbital are positioned only on the core DTDPP unit, but the effective coefficients in the 
LUMO are located on the entirely lateral axis –system. Thereby, the nature of PDTDPP-BisBT 
OFETs is interesting considering the electron mobility achievable.  
 
 
Figure 2.3.6 (a) Output and (b) transfer characteristics of PDTDPP-BisBT FET. The output transfer 
characteristics of PDTDPP-TPA (c) and PDTDPP-BT FETs (d) obtained from earlier works, 
respectively. Insets are chemical structures of thiophenyl DPP-based polymers and the schematic 
device. 
 
OFET performance  
PDTDPP-BisBT OFETs with top contact and a bottom gate were fabricated by spin-coating the 
polymer solution in the SiO2/n
++
Si substrate covered by a polypropylene-co-1-butene (PPcB) layer. 
The PPcB layer was introduced as a passivation layer to remove the hydroxyl group which acts as trap 
sites of electrons (Figure 2.3.6). All fabrication and testing were performed in an inert nitrogen 
atmosphere. The PDTDPP-BisBT device reveals a bipolar feature with both p-type and n-type 
characteristics, such as a diode-like current increase at low gate bias with current saturation at high 
gate voltage in output curves (Figure 2.3.6a) and V-shape transfer curves with narrow off-state 
(Figure 2.3.6b), which is similar to that of PDTDPP-BT with nearly balanced hole and electron 
mobilities.
139
 In marked contrast, PDTDPP-BisBT predominately displays electron transport behavior.       
The saturated charge carrier mobility of PDTDPP-BisBT is calculated using the saturation current 
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equation: Ids = (WCi/2L)(Vgs−VT)
2
.
195
 A linear fit is applied in the saturation region of the Ids
1/2
 versus 
Vgs curve of the polymer in order to calculate the mobility. An electron mobility (μe) as high as 1.3  
10
−3
 cm
2
V
−1
s
−1
 and hole mobility as high as 6.5  10−4 cm2V−1s−1 are estimated for OFETs produced 
from PDTDPP-BisBT. Note that the electron mobility value is about one order of magnitude higher 
than that of the hole mobility. Apparently, this result is in accordance with the fact that BisBT has 
better electron transport ability than BT unit, which is in good agreement with both the 
aforementioned DFT study and the electrochemical behavior. For OFET based on PDTDPP-BisBT, 
the deviation from coplanarity caused by the inter-ring bond between the two BT units can account 
for the relatively reduced performance in comparison with PDTDPP-BT.  
 
Figure 2.3.7 Topographic AFM images of PDTDPP-BisBT film (a) at room temperature and (b) after 
annealing at 120
o
C. (c) X-ray diffraction (XRD) patterns of PDTDPP-BisBT thin film. 
 
Film surface microstructure 
Both the as-spun and annealed PDTDPP-BisBT films microstructure assessed by atomic force 
microscopy (AFM) and X-ray diffractions (XRD) studies (Figure 2.3.7a-c), as evidenced by the 
absence of order diffraction peaks as well as detectable fibrillar structures, do not reveal the 
distinctive crystalline features associated with other DPP-based polycrystalline thin films.
148, 188
 This 
is due to the combination of the strong twist between consecutive BT groups and the bulky branched 
side chains on the DPP. Therefore, one can conclude that PDTDPP-BisBT has poorly defined, 
randomLy ordered lamellar structure, implying an amorphous –conjugated material with achievable 
reproducibility in the OFETs.  
 
2.3.3 Conclusion 
In summary, we have demonstrated an approach to n-channel transistor development, where our 
previous results can guide materials design from initial conception to refinement of the final 
semiconductor structure. A narrow bandgap copolymer PDTDPP-BisBT comprised of a strong 
acceptor, BisBT, which is relatively stronger than BT, and thiophenyl DPP moieties is synthesized. 
The new polymer exhibits electron dominant ambipolar OFETs, resulting in charge-carrier mobility of 
up to 1.3  10−3 cm2V−1s−1 for electrons, which is about one order of magnitude higher than that of 
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holes. While the behavior of many high-performance semiconductors is sensitive to deposition 
conditions, PDTDPP-BisBT polymer film predominately exhibits n-type OFET performance 
independent of fabrication conditions because of the amorphous morphology in the solid state as 
determined by AFM and XRD, evidenced by no scattering patterns and non-fibrillar structural 
features in both as-spun and annealed films. This study together with our previous courses indicates 
that thiophenyl DPP-based polymers can operate on either p-type, n-type, or ambipolar semiconductor 
subjecting to tune the counterpart comonomers. As a result, this work can serve as a beacon to further 
improve mobility of thiophenyl DPP derivatives for either p-type, n-type, or ambipolar OFETs. 
Besides, we believe that this discovery has answered questions about effective electron transport 
capabilities of polymeric semiconductors. A preliminary investigation on all-polymers solar cells with 
PDTDPP-TPA as an electron donor and PDTDPP-BisBT as an electron acceptor is in progress. 
 
2.4 Fluorinated benzothiadiazole-based conjugated polymer: Fluorinated benzothiadiazole (BT) 
groups as a powerful unit for high-performance electron-transporting polymers 
 
Adapted from ref. #196 with permission from American chemical society (ACS)
196
 
 
2.4.1 Research background and motivation for the work 
The use of solution-processable semiconducting polymers for organic field-effect transistors (OFETs) 
continues to attract considerable interest since polymeric systems can offer the possibility of cheap 
raw materials, low processing costs, excellent film formation, and mechanical properties such as 
flexibility and large-area uniformity.
14, 21, 50, 172, 173, 178, 197-202
 Recently, diketopyrrolopyrrole (DPP)-
based donor–acceptor (D-A) polymers have been widely developed, and have proven themselves to 
be one of the most promising semiconductors for high-performance unipolar p-channels and p-
channel-dominant ambipolar OFETs (with hole mobilities exceeding 3 cm
2
V
-1
s
-1
).
115, 118, 119, 121, 203, 204
 
Nonetheless, the development of DPP-based polymers with high-performance n-channel charge 
transport has lagged behind that of the aforementioned p-channel dominant polymers, primarily due to 
the inherent instability of the electron charge carriers in the presence of ambient oxidants such as O2, 
H2O, or O3.
14
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Scheme 2.4.1 Synthetic route to PDPP-FBT and PDPP-2FBT: Suzuki polycondensation conditions (i): 
Pd2(dba)3, P(o-tolyl)3, K3PO4, toluene/H2O, 95°C; Stille polycondensation conditions (ii): Pd2(dba)3, 
P(o-tolyl)3, toluene, 120°C, microwave 
 
  The research efforts of our groups have recently focused on developing high electron-affinity 
polymers based on DPP, using a structural modification of the conventionally-used 2,1,3-
benzothiadiazole (BT) acceptor moiety. For example, by copolymerizing with a stronger acceptor bis-
benzothiadiazole (BBT) unit relative to BT, the resulting polymer (PDPP-BBT) showed even n-
channel dominant characteristics, yet yielded unsatisfactory electron mobility results (~10
-3
 
cm
2
V
−1
s
−1
).
169
 In the meantime, many other groups have often highlighted the use of fluorinated BT 
units into the polymer backbone, and demonstrated improved photovoltaic performance.
205-210
 
Although the cause of the efficiency improvement varies noticeably depending upon the specific 
systems, it is generally recognized that the inclusion of fluorine (F) atoms can not only fine-tune the 
energy levels of polymers, but also promote non-covalent interactions through C-F···H, F···S on 
mesoscopic solid-state structures.
206, 211, 212
 In addition, it is well known that the strong electron-
withdrawing nature of F atoms allows for efficient electron injection into the LUMO and increases 
hydrophobicity, which can increase the electron affinity and environmental stability of 
semiconductors in OFET operations, relative to their fluorine-free analogues.
127, 129, 181, 213-215
 
  These early results motivated us to design DPP-based polymers containing the ubiquitous 
fluorinated BT blocks (FBT (1F) and 2FBT (2F)), with a view to assessing semiconductors with high 
electron mobility and high environmental stability. Herein, as an attempt to investigate the effects of 
fluorinated BT blocks on the charge-carrier transport properties in OFETs, we report on the synthesis 
and characterization of poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-
- 50 - 
5’,5’’-diyl-alt-fluorobenzo 2,1,3-thiadiazol-4,7-diyl] and poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT 
and PDPP-2FBT, see Scheme 2.4.1), and show the differences in their optophysical and redox 
properties, molecular packings, and OFET performances. Furthermore, we elucidate how the degree 
of the substitution of F atoms on a BT unit affects the charge-carrier mobilities and the dynamics of 
dominant polarity by comparison with a non-fluorinated analogue (PDPP-BT), and finally discuss the 
overall structure–property relationship. 
 
2.4.2 Results and discussion 
Synthetic strategies, synthesis, and characterization 
Table 2.4.1 Optical and electrochemical properties of PDPP-FBT and PDPP-2FBT 
Polymer 
UV CV UPS 
λmax
sol 
[nm]a 
λmax
film 
[nm]b 
Eg
opt
 [eV]c
 EHOMO 
[eV]d 
ELUMO 
[eV]d 
Eg
CV 
[eV]e
 EIP
UPS 
[eV]f
 
PDPP-FBT 798 816 1.20 -5.22 -3.49 1.73 5.38 
PDPP-2FBT 750 772 1.26 -5.37 -3.53 1.84 5.48 
aChloroform solution; bSpin-coated from chloroform solution; cDetermined from the onset of the electronic absorption 
spectra; dCyclic voltammetry determined with (EHOMO = –(E (OX)
onset + 4.4 eV) and (ELUMO = –(E (Red)
onset + 4.4 eV); eEg
CV
 
= 
ELUMO - EHOMO; 
fEIP
UPS = h – (Ecutoff – EHOMO), incident photon energy (h = 21.2 eV) for He I. 
 
The fluorinated BT (FBT and 2FBT) and diboronic ester DPP derivatives were easily synthesized 
according to the established methods.
206, 216
 Polymerization of the FBT and 2FBT monomers using 
standard palladium(0)-catalyzed Suzuki polycondensation with the diboronic ester co-monomer 
produced the corresponding polymers (PDPP-FBT and PDPP-2FBT). However, the number-average 
molecular weight (Mn) was below 10 kDa with a polydispersity index (PDI) of approximately 2.5 for 
both the polymers, as determined by gel permeation chromatography (GPC) in THF after Soxhlet 
purification. It has been reported that a high molecular weight can play an important role in achieving 
nanometer-sized interconnected morphologies, hence resulting in efficient channels for charge-carrier 
transport via a hopping mechanism.
202, 217
 Thereby, the observed relatively low molecular weights 
prompted us to screen various Suzuki coupling conditions, such as the utilization of a microwave-
assisted heating protocol, the use of tiny amounts of catalyst, varying the solution concentration, the 
replacement of Pd(PPh3)4 with Pd2(dba)3 as a catalyst, and different ligand/palladium ratios, in order 
to improve the molecular weights. Nevertheless, the attempted synthesis of the polymers by Suzuki 
polymerization only afforded undesired low molecular weight materials, possibly due to either the 
competing base- and/or metal-catalyzed protodeborylation of the electron-rich thiophenes adjacent to 
the DPP monomer under our reaction conditions.
218-221
 In addition, we found no appreciable difference 
in the molecular weight, even if the monomer was diiodo BT. Therefore, we decided to apply a Stille 
polycondensation instead of the Suzuki one, because the Stille-coupling reaction is generally 
recognized as a better alternative to the Suzuki protocol, when electron-rich species (thiophenes or 
- 51 - 
pyrroles) are coupled.
33, 222
 Thus, the key DPP monomer, distannyl DPP was prepared by lithiation 
using diisopropylamide (LDA) and subsequent quenching with trimethyltin chloride. Stille 
polymerization under microwave heating conditions was employed to form the PDPP-FBT and 
PDPP-2FBT respectively, which indeed proceeded in good yields (75–80%), with sufficiently high 
molecular weights (Mn of 24.0 kDa and 25.0 kDa with PDIs of 2.01 and 2.34 for PDPP-FBT and 
PDPP-2FBT respectively, as determined by GPC and THF eluent). Both polymers were soluble in 
common organic solvents such as tetrahydrofuran, chloroform, toluene, and chlorobenzene. 
 
Figure 2.4.1 UV-vis-NIR absorption spectra of PDPP-FBT and PDPP-2FBT in dilute chloroform (a) 
solution and (b) thin film on glass plate. (c) Cyclic voltammograms of PDPP-FBT and PDPP-2FBT. 
(d) UPS spectra of PDPP-FBT and PDPP-2FBT. 
 
  The UV-vis-NIR absorption spectra of the polymers in chloroform solution and in a solid state are 
shown in Figure 2.4.1a and b. and the absorption data are listed in Table 2.4.1. Upon changing from 
solutions to films, the absorption peaks for both polymers are not only red-shifted (~20 nm) and 
broadened to some extent, but also their low-energy shoulder bands at the range of 870–910 nm are 
intensified, presumably because of the occurrence of the aggregation or – stacking in solid state. 
This is a common phenomenon for rigid conjugated polymers.
212, 222
 Very interestingly, although the 
spectral profile of PDPP-FBT is nearly identical to that of the non-fluorinated PDPP-BT,
148, 212
 the 
increment in the number of F atoms from 1 to 2 on the repeating unit leads to a blue shift in the 
absorption onset (λonset) and maximum (λmax) of the polymer. This results in a larger optical band gap 
of PDPP-2FBT (Eg
opt
 = 1.26 eV), which is 0.06 eV larger than that of PDPP-FBT (Eg
opt
 = 1.20 eV). 
Therefore, one can conclude that the inclusion of one F atom on the BT unit of PDPP-BT hardly 
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affects the absorption characteristics, but the incorporation of two F atoms can alter the intrinsic 
optical properties, compared to the non-fluorinated PDPP-BT. 
  Cyclic voltammetry (CV) reveals reversible oxidation/reduction behaviors for both polymers, with 
the PDPP-2FBT being oxidized at a voltage that is 0.15 eV higher, relative to the PDPP-FBT (Figure 
2.4.1c). In addition, the ionization potential (IP) values of each polymer measured by ultraviolet 
photoelectron spectroscopy (UPS) (Figure 2.4.1d and Table 2.4.1) show similar trends with slight 
differences in their energy levels. On the other hand, the LUMO of PDPP-2FBT is -3.53 eV, which is 
0.04 eV lower than that of PDPP-FBT (-3.49 eV), implying that doubly-fluorinated BT effectively 
lowers the HOMO level with only a minor effect on the LUMO. 
 
Figure 2.4.2 Calculated side view of model trimers for (a) DPP-FBT and (b) DPP-2FBT; DFT-
optimized geometries and charge-density isosurfaces for (c) DPP-FBT and (d) DPP-2FBT HOMO 
and LUMO levels. 
 
  The computational calculations were carried out on the trimer systems of each polymer using 
density functional theory (DFT) with the B3LYP hybrid functional and the 6-311G(d) basis set, as 
implemented in Gaussian 09. Figure 2.4.2 presents the adopted planar conformation with extremely 
small torsional angles for both cases, showing excellent co-planarity. In addition, both the HOMO and 
LUMO isosurfaces for the two model oligomers show delocalized characteristics, indicating the high 
possibility of ambipolar charge transport.  
 
Thin-film microstructure analysis 
The film morphologies of fluorine-substituted conjugated polymers were examined using tapping-
mode atomic force microscopy (AFM). The polymer films were drop-casted onto n-
octadecyltrimethoxysilane (OTS)-modified SiO2/Si substrate from the polymer solution (~5 mgmL
-1
) 
using 1,2,4-trichlorobenzene (b.p. = 214°C) as the solvent. The drop-casting method typically 
provides a longer drying time than a spin-coating technique and enables the formation of films with a 
higher degree of crystallinity. The use of solvents with high-boiling points is known to be beneficial 
for forming higher crystallinity structures and larger crystal sizes, typically leading to enhanced 
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performance in OFETs.
223-226
 The drop-cast PDPP-FBT and PDPP-2FBT films exhibited granular 
structures (Figure 2.4.3). Polymer films that were annealed at 250°C for 30 min exhibited 
interconnected granular domains with more smooth surfaces. The PDPP-2FBT film had smaller 
granular domains with a larger root-mean-square (RMS) roughness value of 8.6 nm, compared with 
that (6.9 nm) of the PDPP-FBT film. In addition, the optimized drying time for the preparation of 
PDPP-FBT films was significantly longer (about 1.5 times) than that of the PDPP-2FBT films. A 
longer drying time typically leads to the formation of polymer films with enhanced crystallinity.
224-226
 
 
 
Figure 2.4.3 AFM height images (5 µm x 5 µm) of drop-cast (a), (b) PDPP-FBT and (c), (d) PDPP-
2FBT films before (a), (c) and after (b), (d) the thermal annealing at 250°C, on OTS-modified SiO2/Si 
substrates. RMS roughness: (a) = 7.67 nm, (b) = 6.90 nm, (c) = 11.80 nm, (d) = 8.57 nm. 
 
  Two-dimensional grazing incidence X-ray diffraction (2D GIXD) analyses of the drop-cast films 
were also performed to investigate the effects of the F-containing benzothiadiazole moieties of the 
DPP-based copolymers on the crystallinity and molecular packing further. Figure 2.4.4 shows 2D 
GIXD images and the corresponding diffractogram profiles of the annealed PDPP-FBT and PDPP-
2FBT films. The calculated crystallographic parameters are summarized in Table 2.4.2. PDPP-FBT 
and PDPP-2FBT both exhibited well-defined diffraction peaks up to (300) diffraction in the out-of-
plane directions, indicating that fluorinated polymers have a long-range ordered lamellar packing. 
Both polymer films displayed strong (100) diffractions at qz values of 0.28 and 0.27 Å
-1
, 
corresponding to d-spacings of 22.8 and 23.4 Å , respectively. It is known that fluorine-sulfur 
interactions can facilitate the planarization of the polymer backbone, leading to a reduction in the 
intermolecular packing distances.
208, 223, 227
 However, the d(100)-spacing of the PDPP-2FBT film was 
larger than that of the PDPP-FBT film. This is presumably due to the increase in the number of bulky 
F atoms and the electrostatic repulsion between F atoms.
228
 PDPP-FBT and PDPP-2FBT showed 
discernible (010) diffraction peaks in the in-plane direction, which corresponded to π–π stacking (π–
stack distance ~3.8 Å ). These results indicate that both polymers have a strong preference for edge-on 
molecular orientations that are effective for charge transport between source and drain electrodes.
229
  
(b)(a)
1 µm
35 nm (c) (d)35 nm
1 µm
70 nm 70 nm
1 µm 1 µm
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Figure 2.4.4 2D-GIXD images of drop-cast films of fluorinated DPP-BT copolymers annealed at 
250°C: (a) PDPP-FBT and (b) PDPP-2FBT. The corresponding GIXD diffractogram profiles: (c) in-
plane and (d) out-of-plane GIXD patterns. 
 
Table 2.4.2 Crystallographic parameters calculated from GIXD profiles 
Preparation condition Crystallographic parameters PDPP-FBT PDPP-2FBT 
Drop-casting 
As-cast (100) 
q (Å -1) 0.273 0.269 
d-spacing (Å ) 23.0 23.4 
FWHM (Å -1) 0.032 0.028 
Coherence length (Å ) 177.9 205.0 
Annealing at 
250oC 
(100) 
q (Å -1) 0.276 0.268 
d-spacing (Å ) 22.8 23.4 
FWHM (Å -1) 0.022 0.024 
Coherence length (Å ) 259.0 239.9 
 
OFET Performance 
To investigate the electrical performance of F-substituted DPP-BT copolymers, top-contact bottom-
gate OFET devices were constructed with PDPP-FBT and PDPP-2FBT films as the semiconducting 
layer. Figure 2.4.5 exhibits the typical V-shaped ambipolar characteristics of OFETs based on PDPP-
FBT and PDPP-2FBT films after thermal annealing. The electrical performance characteristics such as 
charge carrier mobilities, on/off ratios, and threshold voltages are listed in Table 2.4.3.  
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Figure 2.4.5 Current-voltage (IV) characteristics of OFETs based on ambipolar {(a)-(d)}-PDPP-FBT 
and {(e)-(h)} PDPP-2FBT films of annealed at 250°C. Transfer characteristics for polymer films in (a), 
(e) p-channel operation (VDS = –100 V) and (c), (g) n-channel operation (VDS = +100 V) mode. {(b), 
(d), (f) and (h)} Output characteristics for PDPP-FBT and PDPP-2FBT films.  
 
  The electrical performance of the F-substituted DPP-BT copolymers was enhanced after thermal 
annealing. This is mainly due to the denser molecular packing characteristic after thermal annealing, 
as described in thin-film microstructure analysis. The enhancement in electron mobility was relatively 
larger than that of the hole mobility after the thermal annealing. It has been reported that the trap 
density of electrons by ambient oxidants commonly tends to decrease after proper thermal annealing, 
leading to enhanced electron mobility in ambipolar semiconductors.
199, 230
 In general, the injection 
barriers of electrons from the gold electrode (work function ~5.1 eV) to the LUMO were usually 
much larger than to the HOMO, due to the high-lying LUMO of the common polymer 
semiconductors, and the current flow is typically dominated by hole transport. In our experiment, the 
introduction of fluorine atoms into the main backbone of the BT unit effectively lowered the energy 
levels of the resulting polymers. The respective HOMO levels of the PDPP-BT, PDPP-FBT, and 
PDPP-2FBT are –5.10, –5.38, –5.48 eV, while their respective LUMO levels are –3.90, –4.18, and –
4.22 eV, due to the increase in the number of electron-withdrawing fluorine substituents. 
Consequently, the hole injection barriers from gold to F-substituted polymers would increase, while 
the electron injection barriers would decrease.  
 
 
 
 
 
Table 2.4.3 Summary of OFETs performance data based on PDPP-FBT and PDPP-2FBT films 
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Samplea p-channel n-channel 
Polymer Condition 
µh,max
c 
[cm2V-1s-1] 
µh,avg
d 
[cm2V-1s-1] 
Ion/Ioff 
VT 
[V] 
µe,max 
[cm2V-1s-1] 
µe,avg 
[cm2V-1s-1] 
Ion/Ioff 
VT 
[V] 
PDPP- 
FBT 
Without 
annealing 
0.087 
0.060 
(±0.020)e 
>104 -6.4 0.061 
0.044 
(±0.013) 
>10 36.6 
Thermal 
annealingb 
0.21 0.15 (±0.03) >102 -17.5 0.42 0.33 (±0.05) >103 30.9 
PDPP- 
2FBT 
Without 
annealing 
0.033 
0.023 
(±0.004) 
>104 -7.1 0.029 
0.016 
(±0.001) 
>102 32.8 
Thermal 
annealing 
0.10 
0.077 
(±0.021) 
>102 -19.1 0.30 0.19 (±0.07) >102 28.6 
aThe p-channel and n-channel characteristics of ambipolar OFETs were measured in a nitrogen atmosphere. bThermal 
annealing was applied at 250°C. cThe maximum mobility of the OFET devices (L = 50 μm and W = 1000 μm). dThe average 
mobility of the OFET devices (L = 50 μm and W = 1000 μm). eThe standard deviation was carried out by using more than 10 
devices 
 
  Therefore, both F-substituted polymers exhibited electron-dominant ambipolar transport behavior 
after optimization (Table 2.4.3). However, the PDPP-FBT films showed a better electrical 
performance than PDPP-2FBT films, despite their higher LUMO and HOMO energy levels that are 
less favorable for the electron charge-carrier transport. The OFETs based on annealed PDPP-FBT 
films exhibited the maximum electron and hole mobilities of 0.42 cm
2
V
-1
s
-1 
and 0.21 cm
2
V
-1
s
-1
, while 
the average electron and hole mobilities were 0.33 ± 0.05 and 0.15 ± 0.03 cm
2
V
-1
s
-1
, respectively. On 
the other hand, the OFETs constructed with the annealed PDPP-2FBT films showed the maximum 
electron and hole mobilities of 0.30 cm
2
V
-1
s
-1
 and 0.10 cm
2
V
-1
s
-1
, with the average electron and hole 
mobilities of 0.19 ± 0.07 and 0.077 ± 0.021 cm
2
V
-1
s
-1
, respectively. These results can be attributed to 
the morphological factors, rather than to the energy levels. As shown by AFM and GIXD results, the 
PDPP-FBT films exhibited denser molecular packing with much larger grains. These findings indicate 
that the charge transport in these fluorinated polymers is significantly affected by the morphological 
features, in addition to energetic factors. 
 
 
Figure 2.4.6 Inverter characteristic based on (a) ambipolar PDPP-FBT and (b) PDPP-2FBT OFETs 
(VDD = 100V). 
 
  Two ambipolar transistors based on fluorinated DPP-BT copolymers were integrated into the 
complementary metal-oxide-semiconductor (CMOS)-like inverters. Figure 2.4.6 shows the output 
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voltage (VOUT) as a function of the input voltage (VIN) at a constant supply voltage (VDD) of 100 V. The 
gate voltage is the circuit input voltage, which varies from 0 V to VDD. At a small input voltage (VIN), 
the p-channel transistor was on, and the n-channel transistor was off. The inverter of PDPP-FBT with 
high charge carrier mobilities of both holes and electrons exhibited a gain of 12. However, a higher 
gain value of 25 was recorded from the PDPP-2FBT inverters. Furthermore, the sharp switching of 
the circuits was shifted to nearly VDD/2 in PDPP-2FBT. This result is most likely due to the higher 
symmetry of the threshold voltages of PDPP-2FBT transistors in p-and n-channel operation modes.
200, 
231, 232
 
 
2.4.3. Conclusion 
Two conceptually identical polymers apart from having a different number of F atoms on their 
repeating unit (PDPP-FBT (one F) and PDPP-2FBT (two F)) are synthesized and carefully 
investigated in a comparative manner, in order to understand the effects of introducing fluorinated BT 
moieties into DPP polymers. While PDPP-FBT shows very similar optical properties to those of its 
non-fluorinated analog (PDPP-BT); interestingly, a noticeable change in the optical profiles and 
energy levels is observed by increasing the number of F atoms on the BT unit atom from 1 to 2, 
thereby resulting in a wider bandgap and deeper HOMO for PDPP-2FBT, relative to the others. In 
GIXD analysis, the films of both polymers appear to have strong lamellar textures with three out-of-
plane peaks and a – stacking peak in the in-plane diffraction, indicating that the polymers adopt a 
preferential edge-on orientation relative to the substrates. To our delight, the fluorinated polymers 
FETs exhibited high electron mobilities of up to 0.42 cm
2
V
-1
s
-1
, together with hole mobilities as high 
as 0.21 cm
2
V
-1
s
-1
. These results are rationalized through a combination of the stronger intermolecular 
non-covalent interactions and higher electron-affinity –systems, both of which can be induced from 
the F substituents. Not only does this study therefore provide new insights into charge-transport 
characteristics and our understanding of semiconducting polymers with incorporated fluorinated BT 
units, but also offers a powerful strategy for the molecular design of high-performance n-channel 
OFETs. 
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Chapter 3 Modifications of side chains on semiconductors 
 
3.1 Introduction of siloxane side chains on diketopyrrolopyrrole-selenophene polymer: Solution-
processable ambipolar diketopyrrolopyrrole-selenophene polymer with unprecedentedly high hole and 
electron mobilities 
 
Adapted from ref. #199 with permission from American chemical society (ACS)
199
 
 
3.1.1 Research background and motivation for the work 
Polymer semiconductors inherently facilitate solution processing and have the mechanical robustness 
necessary for flexible and ultralow-cost devices created by printing technologies.
21, 123, 139, 169, 172, 173, 175, 
178
 Polymer-based ‘electronic circuits’ are expected to open up possibilities for ubiquitous electronics, 
including flexible displays,
233
 radio-frequency identification (RFID) tags,
234
 and large-area sensors.
235
 
Through a combination of improved semiconducting polymer design
21, 178, 236-238 
and fabrication 
techniques,
21, 111, 129, 163, 178, 238
 impressive progress has been made in enhancing the mobilities of 
organic thin-film transistors (OTFTs), reaching levels of 1–3.3 cm2V-1s-1,188, 202, 239, 240 even exceeding 
8 cm
2
V
-1
s
-1
 just recently
119
 for unipolar p-channel operation and nearing 1.0 cm
2
V
-1
s
-1
 for unipolar n-
channel operation.
178
 Furthermore, advancements in complementary metal-oxide-semiconductor 
(CMOS)-like digital integrated circuits and organic light-emitting transistors (OLETs) have resulted in 
ambipolar TFTs capable of transporting both holes and electrons in one device.
150, 241, 242
 Owing to 
their simplicity of circuit design and fabrication processes, ambipolar TFTs with a dual-nature single 
semiconductor
243-245
 are superior to dual unipolar component systems, i.e., bilayers,
150
 or bulk-
heterojunction blends
242
 for fulfilling the aforementioned requirements. Recently reported state-of-
the-art ambipolar polymers have charge carrier mobilities for both holes and electrons ranging from 
0.1 to 0.7 cm
2
V
-1
s
-1
.
148, 231 
Mobilities exceeding 1.0 cm
2
V
-1
s
-1
 have even been observed with optimized 
annealing temperatures and contact electrode treatments.
231, 246
 High-performance ambipolarity in 
ambient has also been observed from coronenediimide-based copolymers.
247
 However, novel 
ambipolar polymers with better performance and further advances in fabrication processes are still 
required to truly realize practical organic integrated circuits based on single layers of ambipolar 
polymers.
189, 248
 
  In general, crystalline domains in the active layer are formed by the –stacked conjugated 
backbone and macroscopic organization of the polymer, and enhance charge carrier mobilities.
21, 172, 
188
 A powerful strategy for achieving molecular packing with a large –orbital overlap is the 
utilization of fused aromatic rings, in addition to donor-acceptor (D-A) diads,
21, 45, 249-254
 as the 
building blocks within the polymer backbone. This approach enhances effective –conjugation, 
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prevents chain folding, and narrows the bandgap, which facilitates the intermolecular charge 
transport.
255
 However, such rigid and planar –conjugated polymer frameworks tend to be insoluble. 
To maintain solution processability, long-branched alkyl solubilizing groups are introduced, which 
results in transient disruptions of molecular packing in the condensed phase and a reduction in the 
density of chromophores in the polymer. 
 
 
Figure 3.1.1 Design motif and solution-shearing schematic. (a) Molecular structures of PTDPPSe and 
PTDPPSe-Si and (b) schematic illustration of TFTs structure and solution-shearing technique, in 
which a small volume of organic or polymer semiconductor solution is sandwiched between two 
preheated silicon wafers that move relative to each other at a controlled speed. This method yields 
crystalline and aligned thin films from various soluble organic or polymer semiconductors. 
 
  Despite extensive research on conjugated polymer backbones,
47, 212, 239, 256-262
 very little work has 
been done toward a coherent molecular design that can substantially govern intermolecular self-
assembly by manipulating structural features such as the length, bulkiness, rigidity, and chirality of 
the solubilizing groups on the backbone. Recently, Bao et al. demonstrated the effectiveness of 
siloxane-terminated solubilizing groups as side chains in an isoindigo-containing polymer such as 
PII2T-Si for enhancing charge transport by inducing a denser π–π spacing and a larger crystalline 
coherence length.
120
 
  Inspired by this initial discovery, we report a solution-processable D-A copolymer based on fused 
ring diketopyrrolopyrrole (DPP) consisting exclusively of the hybrid siloxane substituents at nitrogen 
atoms of the DPP motif, in which selenophene rings flank the DPP unit, abbreviated PTDPPSe-Si 
(Figure 3.1.1), and thoroughly describe its thin-film properties and transistor characteristics. The 
resulting polymer exhibited unprecedentedly high hole and electron mobilities of 3.97 and 2.20 cm
2
V
-
1
s
-1 
in solution-sheared polymer films, illustrated schematically in Figure 3.1.1.  
 
3.1.2 Results and discussion 
Synthetic strategies, synthesis, and characterization 
The strategy for further improvement in charge carrier mobility in comparison to the above-named 
PII2T-Si copolymer is to replace electron-deficient isoindigo building blocks with fused ring DPPs in 
(a) (b)
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which the carbonyl groups not only act to assist coplanarizing the appended neighboring thiophene 
units via short-contact oxygen-sulfur interactions but the intermolecular interactions are also 
promoted by the cross-axis dipoles.
231
 Furthermore, we decided to couple the thiophene-flanked DPP 
monomer (dithienyl-diketopyrrolopyrrole, TDPP) with electron-rich selenophene unit into a D-A 
system since the selenophene-implanted polymers are anticipated to hold diverse advantages from the 
unique properties of Se atom and selenophene:
263
 (i) interchain-charge transfer should be facilitated by 
intermolecular SeSe contacts;264 (ii) oligo-and polyselenophenes should resist twisting along the 
main backbone due to a more quinoidal character;
265
 (iii) the lower-energy LUMO of the selenophene 
motif should enhance electron transport by facilitating electron injection from metal electrodes. The 
lower LUMO should also lower the susceptibility of electron trapping and reaction with 
environmental oxidants.
230, 243, 263, 266
 Therefore, a synergistic combination of effects produced through 
the incorporation of oligoselenophene and TDPP moieties in the solid state should contribute to the 
realization of high-mobility TFTs.  
 
 
 
Scheme 3.1.1 Synthetic route to PTDPPSe and PTDPPSe-Si: Reagents and conditions: (i) K2CO3, 
DMF, 100
o
C, 82%, (ii) Karstedt catalyst, 1,1,1,3,5,5,5,-heptamethyltrisiloxane, toluene, 50
o
C, 79%, 
(iii) NBS, CHCl3, dark, r.t, 21%, (iv) Pd2(dba)3, P(o-tyl)3, toluene, 95
o
C, 75% 
 
  Although a TDPP-thiophene copolymer with siloxane groups was reported very recently, the 
polymer thin films prepared with a droplet pinning method exhibited conspicuously hole-dominant 
charge transport (hole = 0.63 cm
2
V
-1
s
-1
 and
 electron = 0.024 cm
2
V
-1
s
-1
) because of the electron-rich 
nature of the thiophene rings.
245
 In addition to this D-A diad design, special attention was paid to the 
influence of the hybrid siloxane side chains in the polymer. Such substituents enforce long-range 
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molecular arrangements through the minimization of steric repulsion between side chains. This 
promotes smaller – stacking distances. Synthesis of the intermediates and the target polymer 
(PTDPPSe-Si) was carried out, depicted in Scheme 3.1.1. For the sake of comparison, a TDPP-
selenophene copolymer (PTDPPSe) with long branched alkyl side chains (2-octyldodecyl) as the 
reference polymer was also prepared according to established literature procedures.
267 
The synthesis 
began with a standard N-alkylation of TDPP with 6-bromo-1-hexene under basic condition and 
subsequent hydrosilylation reaction of the olefinic compound 1 using 1,1,1,3,5,5,5-
heptamethyltrisiloxane gave the siloxane-substituted precursor 2 in the presence of Karstedt 
catalyst,
268
 which was then converted to the dibrominated TDPP 3 as a monomer for metal (Ni or Pd)-
catalyzed cross-coupling polymerizations. A Stille copolymerization of the dibrominated TDPP 3 and 
distannylated selenophene
269
 generated the target D-A polymer PTDPPSe-Si. The resulting polymers 
were purified by precipitation into methanol followed by Soxhlet extraction using methanol, acetone, 
hexane, and finally chloroform. Satisfactory molecular weights were obtained in both cases (Mn of 
122.3 and 269.4 kg/mol with polydispersity indices (PDI) of 3.58 and 4.38 for PTDPPSe and 
PTDPPSe-Si, respectively, as determined by gel-permeation chromatography vs. PS standard, THF 
eluent). Both polymers were readily soluble in conventional organic solvents (THF, chloroform, 
toluene, etc.) at room temperature. To rule out a misleading molecular weight value causable by 
polymer aggregates, molecular weights were re-determined using a high-temperature GPC at 150
o
C 
with 1,2,4-trichlorobenzene as eluent. This experiment revealed a Mn of 18.0 kg/mol and 20.3 kg/mol 
for PTDPPSe and PTDPPSe-Si, respectively, with a PDI of 3.85 and 4.93. This implies only a small 
difference between the molecular weights of PTDPPSe and PTDPPSe-Si under normal conditions 
without forming aggregates. 
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Figure 3.1.2 UV-vis-NIR absorption spectra of (a) PTDPPSe and (b) PTDPPSe-Si in dilute 
chlorobenzene solution and thin films on quartz plate. 
 
  The absorption spectra of PTDPPSe dissolved in chlorobenzene and cast in a thin-film were similar 
in shape with a broad absorption maximum (max) centered at 805 nm. However, a pronounced red-
shift of the absorption onset (~30 nm) was observed when going from solution to the solid state, 
indicating greater intermolecular interactions in the solid state (Figure 3.1.2a). A solution of 
PTDPPSe-Si yielded an absorption maximum at 845 nm and exhibited a 45 nm red-shift of the 
adsorption onset with respect to the reference polymer solution. (Figure 3.1.2a and b). This indicates a 
preorganization of the polymer chains via strong – stacking of the D-A diads and can be attributed 
to the minimization of steric effects between side chains because the branching point of the 
heptamethyltrisiloxyl groups is sufficiently far away from the conjugated backbone. Note that the 
corresponding thin-film absorption showed a slight blue-shift relative to the solution spectrum 
(Figure3.1.2b). This effect has been observed with other indigo- and TDPP-based polymers.
120, 175, 270
 
This unexpected formation of H-type aggregate currently lacks a logical explanation, but might be 
attributed, in part, to the interaction between the polar siloxane chains and the TDPP-selenophene 
main backbone in solid state. It has been reported that strong polar interactions between TDPP-based 
polymers that can consist of H-bonding induce a blue-shift.
271
 We are currently studying the different 
optical features of TDPP-based polymers as a function of various side-chain dynamics. Both polymers 
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exhibited nearly identical optical band gaps of approximately 1.2 eV, as determined from the 
absorption edges in their thin film spectra (Figure 3.1.2).  
 
 
 
Figure 3.1.3 Ultraviolet photoelectron spectroscopy (UPS) spectra of (a) PTDPPSe and (b) 
PTDPPSe-Si. A gold film 75 nm thick was deposited on a pre-cleaned Si substrate with a thin native 
oxide. (c) Energy level diagrams for TDPPSe-based copolymers. (d) DFT-optimized geometries and 
charge-density isosurfaces for the LUMO and HOMO levels of methyl-substituted TDPPSe trimer 
containing methyl side chains. 
 
  The HOMO levels of thin films of both polymers were measured by ultraviolet photoelectron 
spectroscopy (UPS) (Figure 3.1.3a and b). The ionization potential (IP, HOMO) is determined by 
using the incident photon energy (h = 21.2 eV) for He I, Ecutoff, and EHOMO according to the equation, 
IP = h – (Ecutoff – EHOMO).
161
 The electron affinity (EA, LUMO) is estimated by using the HOMO 
and the optical gap from the UV-vis-NIR absorption from Figure 3.1.2. The replacement of aliphatic 
side chains with hybrid siloxane chains in the polymer backbone increased both the HOMO and 
LUMO energy levels (–5.07 eV and –3.82 eV for PTDPPSe and –4.91 eV and –3.65 eV for 
PTDPPSe-Si, respectively, see Figure 3.1.3c). The observed energy level differences are indicative of 
packing effects in the solid state. Note that deviations from coplanarity result in shorter effective –
conjugation lengths and lower HOMO levels.
272
 Therefore, the tethered siloxane substituents in 
PTDPPSe-Si promote organization of the polymer backbone, which is in good agreement with the 
absorption features described above. In the present or expanded cases associated with the D-A based 
molecular design, one can conclude that the nature of D-A chromophores within the polymers is not 
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entirely definitive answer to the energy levels. 
  To elucidate the electron state density distributions of the HOMO and LUMO levels of geometry-
optimized structures based on a TDPP and selenophene repeating unit, computational studies using 
density-functional theory (DFT, B3LYP/6-31G) were performed on a model trimeric system with 
alkyl chains replaced by methyl groups for simplicity. As shown in Figure 3.1.3d, both the HOMO 
and LUMO isosurfaces are spread over the whole conjugated backbone. Note that this contrasts with 
most other D-A polymers, in which the LUMOs are localized upon the electron-deficient core of the 
polymer backbone. Therefore, TDPP-selenophene polymer-based TFTs are expected to exhibit 
excellent ambipolar behaviors. 
 
 
Figure 3.1.4 Out-of-plane X-ray diffraction (XRD) patterns of (a) PTDPPSe and (b) PTDPPSe-Si thin 
films, depending on annealing temperature. 
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Table 3.1.1 Peak assignments for the out-of-plane XRD patterns obtained from PTDPPSe and 
PTDPPSe-Si thin films depending on the annealing temperature  
Tannealing (00n) 
PTDPPSe PTDPPSe-Si 
2θ (°) d(001)-spacing (Å ) 2θ (°) d(001)-spacing (Å ) 
As-cast (001) 4.17 21.16 3.69 23.93 
(002) 8.06 - 7.30 - 
(003) - - 11.09 - 
(005) 21.35 - - - 
π- stackinga 23.52 3.78 24.67 3.61 
180oC (001) 4.17 21.16 3.71 23.80 
(002) 8.29 - 7.38 - 
(003) 12.52 - 11.15 - 
(004) 16.77 - 14.43 - 
π- stacking 23.54 3.78 24.67 3.61 
220oC (001) 4.21 20.95 3.75 23.54 
(002) 8.47 - 7.48 - 
(003) 12.72 - 11.21 - 
(004) 17.01 - 14.88 - 
(005) 21.43 - - - 
π- stacking 23.52 3.78 24.73 3.60 
260oC (001) 4.23 20.85 3.75 23.54 
(002) 8.49 - 7.46 - 
(003) 12.74 - 11.23 - 
(004) 17.01 - 14.88 - 
(005) 21.37 - - - 
π- stacking 23.77 3.74 24.77 3.59 
aThe intensity of π-stacking for PTDPPSe thin film was relatively weak, which exhibited longer π–stacking distance of 3.7 Å  
compared to PTDPPSe-Si thin film (3.6 Å ). 
 
Thin-film microstructure analyses 
Out-of-plane X-ray diffraction (XRD) analyses were performed to investigate the crystallinity and 
molecular organization in thin films of PTDPPSe and PTDPPSe-Si. Figure 3.1.4 shows 
diffractograms as a function of annealing temperature and the XRD data of the thin films are 
summarized in Table 3.1.1 The as-cast PTDPPSe thin film exhibited a relatively broad primary 
diffraction peak at 2 = 4.17°, corresponding to a d(001)-spacing of 21.16 Å . The PTDPPSe film 
annealed at 220°C showed an intense and sharp primary diffraction peak at 2 = 4.21°, corresponding 
to a smaller d(001)-spacing value of 20.95 Å . This indicates the formation of a highly ordered and 
denser molecular packing in the annealed film. Higher order diffraction peaks were observed at 2 = 
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8.47°, 12.72°, 17.01°, and 21.43°, corresponding to (002), (003), (004), and (005) peaks, respectively. 
This implies that the annealed PTDPPSe film had long-range order across its thickness. The 
PTDPPSe-Si thin film also formed a denser molecular packing at higher annealing temperatures (see 
Table 3.1.1). The d(001)-spacing value of the PTDPPSe-Si thin film annealed at 220°C was reduced 
from 23.93 Å  (2 = 3.69°) to 23.54 Å  (2 = 3.75°), which is relatively larger than that (20.95 Å ) of 
PTDPPSe thin film. Well-defined, higher order peaks were also observed at 2 = 7.48°, 11.21°, and 
14.88°, corresponding to (002), (003), and (004) peaks, respectively. This is likely due to the longer 
bond length of Si–O (1.64 Å ) relative to C–C (1.53 Å ), despite the minimization of steric repulsions 
by the hybrid siloxane side-chains. Interestingly, an additional and remarkably strong peak was 
observed at 2 = ~25° in diffractograms of the PTDPPSe-Si thin films, regardless of annealing 
temperature. This can be attributed to the formation of efficient π–π stacking (π–stack distance ~3.6 Å ) 
with face-on orientations. It is therefore expected that PTDPPSe-Si films would be able to adopt 3-D 
conduction channels that would enhance charge transport over that of polymer films with 
perpendicular π–π planes.273  
 
Figure 3.1.5 AFM height (left) and phase (right) images of {(a),(c),(e)} PTDPPSe and {(b),(d),(f)} 
PTDPPSe-Si films by {(a),(b)} drop-casting and {(c)-(f)} solution-shearing method after annealing at 
220
o
C. The arrow indicates the direction of shearing. 
 
  To further shed light on the difference in the crystallinity and microstructure of the annealed films 
of PTDPPSe and PTDPPSe-Si, the morphologies of the polymer thin films were investigated using 
tapping-mode atomic force microscopy (AFM) and transmission electron microscopy (TEM). The 
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AFM images of these drop-cast polymer thin films annealed at 220
o
C revealed that the PTDPPSe thin 
film formed fine, isotropic ‘granular’ (~40 nm in diameter) domains with a root mean square (rms) 
roughness value of 0.88 nm (obtained from the corresponding height image), whereas the PTDPPSe-
Si thin film formed rugged granular structures with larger sizes (~100 nm in the long axis), implying 
the formation of more efficient pathways for charge carrier transport in the polymer film (Figure 
3.1.5a and b). On the other hand, the solution-sheared PTDPPSe film exhibited the formation of 
similarly fine, but denser grains, whereas the solution-sheared PTDPPSe-Si film showed slightly 
larger granular domains (~120 nm in the long axis) (Figure 3.1.5c and d). In addition, the large-area 
AFM scans showed that the solution-sheared PTDPPSe-Si film formed directional valleys and large 
interconnected fibrillar domains (Figure 3.1.5e and f). AFM phase images and TEM images of the 
solution-sheared films of both polymers revealed that the PTDPPSe-Si thin film exhibits 
interconnected nanofibrillar structures when compared with the PTDPPSe thin film (see Figure 3.1.6).  
 
 
Figure 3.1.6 AFM phase images {(a),(e)} and TEM images {(c),(g)} of annealed PTDPPSe films 
prepared by drop-casting {(a),(c)} and solution-shearing methods{(e),(g)}. AFM phase images 
{(b),(f)} and TEM images {(d),(h)} of annealed PTDPPSe-Si films obtained by drop-casting {(b),(d)}, 
solution-shearing methods {(f),(h)}. The thermal annealing was performed at 220
o
C. 
 
Therefore, one can conclude that the replacement of aliphatic side chains with hybrid siloxane chains 
in the polymer backbone results in different molecular packing behaviors in TDPP-selenophene 
copolymer films upon utilizing the solution-shearing process. It is expected from these morphological 
studies that the dense fibrillar domains composed of fused granules in the solution-sheared PTDPPSe-
Si construct the interconnected networks of the polymer chains, leading to the formation of more 
efficient pathways for charge carrier transport in the polymer film. 
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Table 3.1.2 TFT performance of PTDPPSe and PTDPPSe-Si 
Conditiona p-channel n-channel 
Polymer Films Ta [
oC] 
μh,max 
[cm2V-1s-1] 
μh,avg
b 
[cm2V-1s-1] 
Ion/Ioff 
μe,max 
[cm2V-1s-1] 
μe,avg
b
 
[cm2V-1s-1] 
Ion/Ioff 
PTDPPSe 
Spin-
coated 
N/Ac 4.70 10-2 
4.23  10-2 
(±0.003)d 
>106 5.86  10-3 
5.17  10-3 
(±0.0005) 
>104 
180 0.66 0.17 (±0.20) >106 7.81  10-2 
7.03  10-2 
(±0.010) 
>104 
220 1.36 1.02 (±0.14) >105 0.13 0.10 (±0.01) >103 
260 0.67 0.54 (±0.08) >104 7.25ⅹ10-2 
6.88  10-2 
(±0.0004) 
>103 
Drop- 
cast 
N/A 0.11 0.07 (±0.03) >105 1.42ⅹ10-2 1.08  10
-2 
(±0.002) 
>102 
180 0.35 0.30 (±0.02) >105 0.10 0.07 (±0.01) >103 
220 1.98 1.50 (±0.35) >105 0.38 0.21 (±0.11) >103 
260 1.44 1.36 (±0.10) >105 0.23 0.14 (±0.05) >103 
Solution-
sheared 
N/A 0.14 0.09 (±0.03) >105 5.00  10-2 
4.20  10-2 
(±0.007) 
>103 
180 0.58 0.42 (±0.12) >106 0.12 0.08 (±0.03) >103 
220 2.53 2.48 (±0.08) >105 0.43 0.35 (±0.11) >103 
260 1.61 1.55 (±0.12) >106 0.23 0.16 (±0.03) >104 
PTDPPSe-Si 
Spin-
coated 
N/A 0.59 0.46 (±0.15) >104 4.58  10-2 
4.19  10-2 
(±0.003) 
>10 
180 0.95 0.81 (±0.09) >106 6.69  10-2 
5.89  10-2 
(±0.017) 
>102 
220 1.69 1.54 (±0.10) >105 0.20 0.14 (±0.04) >102 
260 1.38 1.30 (±0.13) >105 0.15 0.13 (±0.02) >102 
Drop- 
cast 
N/A 1.07 0.98 (±0.11) >105 9.49  10-2 
9.17  10-2 
(±0.009) 
>103 
180 1.14 1.08 (±0.05) >104 0.20 0.16 (±0.03) >10 
220 2.48 2.02 (±0.38) >105 0.78 0.26 (±0.24) >102 
260 0.98 0.87 (±0.11) >105 9.26  10-2 
9.04  10-2 
(±0.004) 
>10 
Solution-
sheared 
N/A 3.16 2.87 (±0.26) >105 0.37 0.18 (±0.10) >102 
180 3.23 3.16 (±0.17) >106 0.79 0.65 (±0.13) >104 
220 3.97 3.48 (±0.30) >104 2.20 0.97 (±0.50) >10 
260 2.27 1.99 (±0.25) >104 1.21 0.93 (±0.33) >102 
aThe p-channel and n-channel characteristics of ambipolar TFTs were measured with VDS = –100V and +100V, respectively. 
bThe average mobility of the TFT devices (L = 50 μm and W = 1000 μm). cThe thermal annealing was not applied (as-
prepared thin films). dThe standard deviation 
 
Fabrication of solution-processed TFTs and I-V characterizations 
To demonstrate the effects of hybrid siloxane side chains on charge transport, we fabricated bottom-
gate, top-contact TFTs based on PTDPPSe and PTDPPSe-Si. The polymer thin films (~35 nm 
thickness) were prepared on OTS-modified SiO2/Si substrates from a TDPP-selenophene copolymer 
solution in chlorobenzene (5 mgmL
-1
) using various solution-processing methods: spin-coating, drop-
casting, and solution-shearing. The devices consisted of the insulator capacitance (10 nFcm
2
), 
    
 - 69 - 
channel length (typically ~50 m with the W/L ratio of 20), and Au source/drain electrodes (~40 nm). 
The transport characteristics were measured in a nitrogen-filled glove box. In solution-shearing 
method (see Figure 3.1.1b), a small volume of polymer semiconductor solution is sandwiched 
between two silicon wafers preheated at a mild temperature (< the boiling point of solvent).
274-276
 
Then, a shearing plate drags the solution at a controlled speed while keeping the bulk of the solution 
between the plate and the substrate. The TFT performances of PTDPPSe and PTDPPSe-Si are listed 
in Table 3.1.2, and the mobility variations as a function of the annealing temperature are shown in 
Figure 3.1.7. Both PTDPPSe and PTDPPSe-Si exhibited ambipolar characteristics, as expected from 
DFT calculations of TDPP-selenophene copolymers. The solution-sheared polymer thin films 
exhibited the best electrical performance among the solution-processed films, most likely due to the 
highly crystalline and aligned nature of solution-sheared films.
274-276
 The optimal annealing 
temperature was ~220°C.  
 
Figure 3.1.7 The hole and electron average mobilities with standard deviations for the solution 
sheared PTDPPSe and PTDPPSe-Si films as a function of annealing temperature. 
 
  Figure 3.1.8 shows typical transfer and output characteristics of TFTs based on PTDPPSe and 
PTDPPSe-Si thin films annealed at 220°C for 30 min in a nitrogen atmosphere. These TFT devices 
exhibited a small degree of hysteresis in both transfer and output curves. Both polymers exhibited the 
typical V-shape ambipolar transfer curves. The as-cast, solution-sheared PTDPPSe films showed the 
highest hole and electron mobilities of 0.14 and 0.05 cm
2
V
-1
s
-1
, respectively. The hole mobility in 
PTDPPSe was approximately an order of magnitude higher than the electron mobility, which may be 
the result of a smaller injection barrier for holes with respect to the gold contacts. After annealing at 
220°C, the hole and electron mobilities increased to 2.53 and 0.43 cm
2
V
-1
s
-1
, respectively, due to the 
formation of a denser molecular packing, as observed by XRD and AFM analyses.  
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Figure 3.1.8 Current-voltage (I-V) characteristics of TFTs. {(a)-(d)} PTDPPSe and {(e)-(h)} 
PTDPPSe-Si solution-sheared thin films annealed at 220
o
C. Transfer characteristics at {(a),(e)} hole-
enhancement operation, VDS = –100V and {(b),(f)} electron-enhancement operation, VDS = 100V. 
{(c),(d),(g), and (h)} Output characteristics of TDPP-selenophene copolymers (L = 50 μm and W = 
1000 μm). 
 
  Surprisingly, the as-cast, solution-sheared PTDPPSe-Si films showed very high hole and electron 
mobilities of 3.16 and 0.37 cm
2
V
-1
s
-1
, respectively. Furthermore, extraordinarily high hole and 
electron mobilities of 3.97 and 2.20 cm
2
V
-1
s
-1
 were obtained from PTDPPSe-Si films annealed at 
220°C. It is noteworthy that enhancements in molecular ordering by solution-shearing and post-
annealing yielded greater electron mobilities, closing the gap in mobility between holes and electrons. 
Note that the electron mobility of PTDPPSe-Si films increased as the solution deposition method was 
changed from spin-coating to drop-casting or to solution-shearing methods. This phenomenon is 
probably closely related to the lower LUMO energy levels enabled by the enhanced molecular 
packing, which results in the smaller injection barriers for electrons with regard to the gold 
contacts.
276, 277
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Figure 3.1.9 Comparison with ambipolar charge-transport characteristics depending on annealing 
temperature. The PTDPPSe {(a),(b)} and PTDPPSe-Si {(c),(d)} ambipolar transistor operating in 
{(a),(c)} hole-enhancement, VDS = –100V and {(b),(d)} electron-enhancement, VDS = 100 V mode in 
N2 atmosphere (L = 50 μm and W = 1000 μm). 
 
  The effects of annealing temperature on the ambipolar charge transport behaviors of PTDPPSe and 
PTDPPSe-Si TFTs were also investigated (see Figure 3.1.9). The superior charge transport 
performance of the PTDPPSe-Si TFTs can be attributed to improved coplanarity and stronger 
intermolecular interactions in the polymer film through the incorporation of hybrid siloxane-
solubilizing groups. This conclusion is consistent with the results of the XRD and morphological 
analyses. The electron mobility was more sensitive to the annealing temperature than the hole 
mobility. Among the many possible factors, we cannot rule out the extrinsic effects such as the 
oxygen/water contamination acting as electron traps.
163, 277, 278
 After annealing the polymer thin films, 
the trap density in the polymer would be relatively reduced and it can result in the enhanced electron 
transport compared to the as-prepared film.
231
 In addition, it has been reported that the observation of 
the balanced ambipolar OFETs by increasing annealing temperature,
270
 where the hole mobility was 
independent of the annealing temperature, while the electron mobility increased steadily with 
increasing annealing temperature. The increase in electron mobility was attributed to the polymer 
reorganization after phase transition resulting in a microstructure more favorable for electron 
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transport.
270
 Therefore, in addition to the energetic considerations, morphological virtues proven by 
the formation of larger grains in PTDPPSe-Si than PTDPPSe might also be related to the enhanced 
electron transport. 
 
 
Figure 3.1.10 (a) Schematic of the complementary inverter structure. CMOS-like inverter 
characteristics of (b) PTDPPSe and (c) PTDPPSe-Si inverter (VDD = 100V). 
 
  CMOS-like inverters based on two identical ambipolar transistors of PTDPPSe and PTDPPSe-Si 
were constructed using a common gate electrode for applying the input voltage (VIN). The output 
voltage (VOUT) was monitored as a function of VIN at a constant supply bias (VDD). Figure 3.1.10 shows 
the voltage transfer characteristic (VTC) curves. PTDPPSe and PTDPPSe-Si ambipolar 
semiconductors yielded a high gain of 16.2 and 18.0, respectively. Although the asymmetry in 
mobility and threshold voltage in p- and n-channel modes resulted in a hysteresis between forward 
and reverse sweeps for both polymers, PTDPPSe-Si exhibited a relatively smaller hysteresis because 
of the better balance between hole and electron mobilities.
279
 
 
3.1.3. Conclusion 
Through rational molecular design of both the conjugated backbone and side chains, a D-A TDPP-
selenophene copolymer (PTDPPSe-Si) bearing siloxane-terminated solubilizing groups was 
synthesized. Unprecedentedly high hole (3.97 cm
2
V
-1
s
-1
) and electron mobilities (2.20 cm
2
V
-1
s
-1
) with 
relatively well-balanced polarities were observed in PTDPPSe-Si TFTs. These enhancements were 
due to a synergistic combination of the rational molecular design of the polymer backbone, side-chain 
dynamics, and solution-processing techniques. Our results demonstrate that modifications to 
molecular packing through side-chain engineering, i.e., hybrid siloxane-side chains, can be used to 
effectively control the – stacking distance of conjugated polymers. This technique provides an 
alternative to manipulating the D-A backbones for tuning charge transport characteristics. The 
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protocol developed herein can be extended to other state-of-the-art polymer backbones for the 
production of practical plastic electronics. 
 
3.2 Tuning the length of the siloxane-terminated side chain spacer on diketopyrropyrrole-
selenophene polymers: Boosting the ambipolar performance of solution-processable polymer 
semiconductors via hybrid side-chain engineering 
 
Adapted from ref. 200 with permission from American chemical society (ACS)
200
 
 
3.2.1 Research background and motivation for the work 
Solution-processable polymer semiconductors intrinsically boast diverse advantages including 
ultralow-cost fabrication, mechanical flexibility, and tunable optoelectronic properties.
21, 178
 Logic 
circuits based on polymer semiconductors are expected to open the possibilities of ubiquitous plastic 
electronics including flexible displays,
233, 280 radio frequency identification (RFID) tags,234 and large-
area sensors.
235
 Recent efforts in molecular design
178, 238
 and processing architectures
115, 163, 276, 281
 have 
resulted in remarkable progress in the performance of “unipolar” field-effect transistors (FETs) based 
on polymer semiconductors. Nonetheless, compared with dual unipolar component systems such as 
bilayers
282
 or bulk-heterojunction blends,
150, 242
 “ambipolar” polymer semiconductors, in which both 
hole- and electron-transporting functions are achieved in a single active layer, are considered to be 
ideal candidates for simple and low-cost fabrication of organic complementary circuits
170, 243
 and 
light-emitting field-effect transistors (LE-FETs).
152, 283
 State-of-the-art ambipolar polymers exhibit 
hole and electron mobilities of 0.11.5 cm2V1 s1.148, 231, 246 However, the performance of ambipolar 
polymer semiconductors still lags behind the best performing unipolar systems. The rational design of 
novel polymers is typically based on molecular orbital energetics and crystal engineering strategies 
that are used to effectively tune the frontier orbital energy levels and the πorbital overlap.21, 45, 284 To 
date, tremendous efforts have been focused on the design of building blocks for polymer backbones, 
owing to the conventional belief that the band gap and energy levels are principally determined by the 
molecular structure of the conjugated backbone.
148, 231, 246, 257
 In contrast, relatively little attention has 
been paid to the molecular engineering of polymer side chains. Structural modification of polymer 
side chains, such as alterations in length,
21, 285
 shape,
286
 position,
287
 bulkiness,
245, 288
 symmetry,
289
 
density,
290
 and chirality
291
 can substantially impact intermolecular interaction and molecular packing. 
Inspired by the work of Bao et al. on the effectiveness of siloxane-terminated hexyl chains on the 
unipolar p-channel operation in an isoindigo-based polymer,
120
 we recently obtained ambipolar charge 
transport with high hole (3.97 cm
2
V
1
s
1
) and electron mobilities (2.20 cm
2
V
1
s
1
) by introducing 
selenophene units into the backbone of a diketopyrrolopyrrole (DPP)-containing copolymer with 
siloxane-terminated hexyl chains (PTDPPSe-SiC6).
199
 The length of the alkyl spacer chain in the 
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siloxane-terminated side chains affects the distance between conjugated backbones and the degree of 
intermolecular interaction between polymer chains. Therefore, charge transport can be optimized by 
tailoring the length of the alkyl spacer in the hybrid side chain. In addition, the influence of alkyl 
chain branching positions on charge transport was very recently examined in unipolar p-channel
117
 
and n-channel polymers.
292
 
  Herein we present DPP–selenophene copolymers with different siloxane-terminated points; i.e., 
butyl (PTDPPSe-SiC4) and pentyl units (PTDPPSe-SiC5), and systematically investigate the effects 
of hybrid side-chain spacer length on charge transport, in comparison with PTDPPSe-SiC6 and a 
TDPPSe-based copolymer containing alkyl chains (PTDPPSe-ref). The ambipolar performance of 
DPP–selenophene copolymers may be further enhanced by optimizing the branching position of 
hybrid side chains that controls the distance of the bulky siloxane group from the conjugated 
backbone. TDPPSe-Si copolymers with shorter side chains (PTDPPSe-SiC4 and PTDPPSe-SiC5) 
exhibited better electrical performance relative to that of PTDPPSe-SiC6. Under the same solution 
processing conditions, reducing the length of the siloxane-terminated side chain spacer from a hexyl 
to a butyl group resulted in denser microstructures and better electrical performance. Note that the 
solubility of PTDPPSe-SiC4 was lower than that of the analogous polymers with longer spacer groups. 
Therefore, homogeneous solutions of PTDPPSe-SiC4 were difficult to obtain by filtration. By 
utilizing a solution-shearing method that forms aligned nanofibrillar films, unprecedentedly high hole 
and electron mobilities of 8.84 and 4.34 cm
2
V
−1
s
−1
, respectively, were obtained in homogenous 
PTDPPSe-SiC5 films. To our knowledge, these are the highest hole and electron mobilities for 
organic- or polymer-based ambipolar FETs that have been reported to date. In addition, the electron 
mobility surpasses that of the highest performing polymer-based unipolar n-channel FETs.
292
 Our 
findings demonstrate that there exists an optimal spacer length of hybrid side chains for the most 
effective molecular packing and highest possible charge transport. Realizing this optimum is a 
function of balancing polymer solubility and processing architecture. The results given herein provide 
guidelines for the molecular design of semiconducting polymers with siloxane-terminated solubilizing 
side chains.  
 
3.2.2 Results and discussion 
Synthetic strategies, synthesis, and characterization 
Two new copolymers, PTDPPSe-SiC4 and PTDPPSe-SiC5, were synthesized and their structures are 
shown in Figure 3.2.1. In addition, a fresh batch of PTDPPSe-SiC6, which was investigated in a 
previous study,
199
 was also prepared. This sequential series of polymers affords deeper insight into the 
relationship(s) between electronic properties and macromolecular structure. All intermediate materials 
and monomers were synthesized in their pure forms. Polymerization via Stille coupling was carried 
out using dibrominated TDPPs and distannylated selenophene. PTDPPSe-SiC5 and PTDPPSe-SiC6 
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were readily soluble in common organic solvents including THF, chloroform, and toluene. PTDPPSe-
SiC4 was significantly less soluble at room temperature. Gel-permeation chromatography (GPC) at 
150C and with 1,2,4-trichlorobenzene as the eluent revealed number-averaged molecular weights 
(Mn) of 25.1, 23.3, and 26.0 kDa for PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-SiC6 with 
polydispersities of 3.56, 3.02, and 2.79, respectively.  
 
 
Figure 3.2.1 Synthesis and chemical structures of PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-
SiC6. These copolymer structures allow systematic investigation on the siloxane-terminated side 
chain-dependent molecular packing and field-effect transistors performance. 
 
Figure 3.2.2 UV-vis absorption spectra and energy-minimized structures (B3LYP/6-31G
*
) of 
PTDPPSe-SiC4, PTDPPSe-SiC5, and PTDPPSe-SiC6. (a) Chloroform solution at room temperature. 
(b) Films cast from chloroform solution. (c) DFT-optimized geometries and charge-density 
isosurfaces for the model systems, respectively. 
 
400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
 
 
N
o
rm
. 
A
b
s
. 
(a
.u
.)
Wavelength (nm)
 PTDPPSe-SiC4
 PTDPPSe-SiC5
 PTDPPSe-SiC6
400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
. 
A
b
s
. 
(a
.u
.)
  
 
Wavelength (nm)
 PTDPPSe-SiC4
 PTDPPSe-SiC5
 PTDPPSe-SiC6
(a)
(b)
HOMO LUMO
HOMO
HOMO LUMO
PTDPPSe-SiC4
PTDPPSe-SiC5
PTDPPSe-SiC6
(c)
0-0
0-1
LUMO
    
 - 76 - 
Table 3.2.1 Optical and electrochemical properties of PTDPPSe-SiC4, PTDPPSe-SiC5, and 
PTDPPSe-SiC6 
Polymer λmax
sol(0-0) 
[nm]a 
λmax
sol(0-1) 
[nm]a 
λmax
film(0-0) 
[nm] 
λmax
film(0-1) 
[nm] 
Eg
opt
 [eV]b
 EHOMO 
[eV]c 
ELUMO 
[eV]c 
Eg
CV 
[eV]d
 EIP
UPS 
[eV]e
 
PTDPPSe-
SiC4 
857 N/A 861 791 1.25 -5.17 -3.56 1.61 4.85 
PTDPPSe-
SiC5 
851 N/A 855 N/A 1.24 -5.10 -3.49 1.61 4.76 
PTDPPSe-
SiC6 
855 N/A 859 793 1.23 -5.09 -3.41 1.68 4.73 
aChloroform solution; bDetermined from the onset of the electronic absorption spectra; cCyclic voltammetry determined with 
Fc/Fc+ (EHOMO = –4.80 eV) as the external reference; 
dEg
CV
 
= ELUMO – EHOMO; 
eEIP
UPS = h – (Ecutoff – EHOMO), incident 
photon energy (h = 21.2 eV) for He I. 
 
  The absorption spectra of the three copolymers both in chloroform solution and in thin film display 
similar features with a broad absorption band extended from 600 to 1000 nm (Figures 3.2.2a and b), 
which is attributed to the intramolecular charge transfer arising from strong donoracceptor 
interactions. Note that PTDPPSe-SiC4 exhibits a relatively sharp absorption peak. All of the 
copolymers exhibited an optical band gap of ~1.2 eV, estimated from the absorption edges of the thin 
films. The thin film absorption peaks are slightly broader than the peaks obtained from dissolved 
samples, without any obvious chromatic shift. This indicates only minimal conformational differences 
between the polymers dissolved in chloroform and deposited as thin films. A closer examination of 
the absorption features reveals that the 0–1 vibrational transition as a shorter-wavelength shoulder 
becomes more distinct in the PTDPPSe-SiC4 film. It is also noteworthy that the absorption maximum 
of the PTDPPSe-SiC6 film is slightly blue-shifted relative to that of dissolved PTDPPSe-SiC6. This is 
a result of what appears to be the 0–1 vibronic profile increasing in intensity and becoming the 
dominant peak with a less resolved 0–0 transition. All of the photophysical data are summarized in 
Table 3.2.1. This observation indicates that subtle changes in the length of the siloxane-terminated 
side chains can greatly affect molecular packing and thin-film morphology, which in turn have a 
significant impact on charge transport. 
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Figure 3.2.3 Cyclic voltammograms of TDPPSe-Si based copolymers. (a) PTDPPSe-SiC4, (b) 
PTDPPSe-SiC5, (c) PTDPPSe-SiC6, and (d) ferrocene.  
 
  The electrochemical properties of the copolymers were investigated with cyclic voltammetry (CV). 
All the copolymers exhibited a stable and reversible p-doping/n-doping process in cathodic and 
anodic scans, respectively (Figure 3.2.3). All of these TDPPSe-Si copolymers possessed low 
bandgaps from 1.61 to 1.68 eV with HOMO levels from –5.09 to –5.18 eV and LUMO levels from –
3.41 to –3.55 eV (Table 3.2.1). The observed differences in the HOMO and LUMO levels result from 
changes in film microstructure as a result of the length of the side chain. This is consistent with the 
aforementioned optical properties. Notably, the effect of moving the side chain termination point 
away from the conjugated backbone is more pronounced on the LUMO than on the HOMO. This may 
correlate, in part, with the degree of intermolecular interaction between the polar siloxane chains and 
the main backbones in the solid state. Nevertheless, molecular orbital distributions predicted by 
density functional theory (DFT) calculations, where each of the model systems was created with the 
actual siloxane-terminated side chains, showed that both the HOMO and LUMO isosurfaces of the 
effect of moving the side chain termination point away from the conjugated backbone is more 
pronounced on the LUMO than on the HOMO. This may correlate, in part, with the degree of 
intermolecular interaction between the polar siloxane chains and the main backbones in the solid state.  
Nevertheless, molecular orbital distributions predicted by density functional theory (DFT) 
calculations, where each of the model systems was created with the actual siloxane-terminated side 
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chains, showed that both the HOMO and LUMO isosurfaces of the copolymers are extensively 
delocalized over the polymer backbone (Figure 3.2.2c). This is indicative of the ambipolar nature of 
the TDPPSe-Si copolymers. 
  The discrepancy (~0.4 eV) between the electrochemically and optically determined band gaps may 
be due to the exciton binding energy (0.4–1.0 eV) of conjugated polymers.194 Ionization potentials 
(IPs) measured by ultraviolet photoelectron spectroscopy (UPS) showed similar trends and agreed 
with the voltammetric results (Table 3.2.1 and Figure 3.2.4). 
 
Figure 3.2.4 Ultraviolet photoelectron spectroscopy (UPS) spectra of TDPPSe-Si based copolymers. 
(a) PTDPPSe-SiC4, (b) PTDPPSe-SiC5, and (c) PTDPPSe-SiC6. A gold film 75 nm thick was 
deposited on a pre-cleaned Si substrate with a thin native oxide. The slight discrepancy in the EHOMO 
values of PTDPPSe-SiC6 between current result and the previous study might arise from the different 
batch products and the difference in the degree of surface oxidation of the measured thin films. 
 
Thin-film microstructure analyses 
Tapping-mode atomic force microscopy (AFM) was performed on drop-cast and solution-sheared 
polymer films prepared on n-octadecyltrimethoxysilane (OTS)-modified SiO2/Si substrates after 
thermal annealing at 220C (Figure 3.2.5). In the solution-shearing method, a small volume of 
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polymer solution is placed on a substrate that has been preheated to a moderate temperature. Another 
plate is then pulled across the polymer solution at a controlled shearing rate and film growth proceeds 
from the receding edge of the dragged plate.
274, 276
 
 
Figure 3.2.5 AFM height (left) and phase (right) images of solution-processed polymer films 
annealed at 220
o
C. Drop-cast film of (a) PTDPPSe-SiC4 and (b) PTDPPSe-SiC5. Solution-sheared 
film of (c) PTDPPSe-SiC4 and (d) PTDPPSe-SiC5. The arrow indicates the direction of shearing.  
 
 
Figure 3.2.6 AFM height (left) and phase (right) images of filtration-free, solution-processed 
PTDPPSe-SiC5 films after annealing at 220
o
C: (a) Drop-cast film, (b) Solution-sheared film. The 
arrow indicates the direction of shearing. 
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Figure 3.2.7 AFM height (left) and phase (right) images of optimized as-cast solution-processed 
polymer films. Drop-cast film of (a) PTDPPSe-SiC4 and (b) PTDPPSe-SiC5. Solution-sheared film of 
(c) PTDPPSe-SiC4 and (d) PTDPPSe-SiC5. The arrow indicates the direction of shearing. 
 
  The TDPPSe-Si copolymer films were composed of dense nanofibrillar structures with 
interconnected domains, implying the formation of efficient pathways for charge carrier transport. 
However, distinct size differences were observed between the molecular domains in PTDPPSe-SiC4 
and PTDPPSe-SiC5 films. We hypothesize that these differences are closely related to the filtration 
process used during preparation of the polymer solutions. PTDPPSe-SiC5 films were prepared by 
passing the polymer solution through a syringe filter with a pore size of 0.45 m. In contrast, since 
PTDPPSe-SiC4 was less soluble at room temperature, the PTDPPSe-SiC4 films were prepared from 
an as-dissolved solution without filtration. Therefore, aggregates of PTDPPSe-SiC4 may have been 
available to act as nucleation sites, resulting in an increased nuclei concentration and the formation of 
smaller fibrils (~115 nm thickness). PTDPPSe-SiC5 films prepared after filtration exhibited larger 
fibrillar structures (~200 nm thickness). Without filtration, the PTDPPSe-SiC5 films exhibited similar 
morphologies but with slightly reduced dimensions (~170 nm thickness) (Figure 3.2.6). As-cast 
TDPPSe-Si copolymer films exhibited smaller fibrillar domains compared to the annealed films 
(Figure 3.2.7). This implies enhanced charge transport in the annealed films. 
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Figure 3.2.8 GIXD images of drop-cast TDPPSe-based copolymer films annealed at 220
o
C: (a) 
PTDPPSe-SiC4, (b) PTDPPSe-SiC5, (c) PTDPPSe-SiC6, and (d) PTDPPSe-ref. The corresponding 
GIXD diffractogram profiles: (e) In-plane and (f) Out-of-plane GIXD patterns. 
 
  Grazing incidence X-ray diffraction (GIXD) analyses were also performed to further investigate the 
crystalline nature and molecular orientation of TDPPSe-based copolymer films. For comparison, thin 
films of a TDPPSe-based copolymer containing 2-octyldodecyl chains (PTDPPSe-ref) were also 
evaluated. The GIXD images and the corresponding diffractogram profiles of annealed TDPPSe-
copolymer films fabricated by drop-casting are shown in Figure 3.2.8. The crystallographic 
parameters are presented in Table 3.2.2. Out-of-plane GIXD diffractograms of TDPPSe-Si 
copolymers exhibited a remarkably strong peak at qz = ~1.7 Å
-1
, regardless of the length of the alkyl 
spacer in the siloxane-terminated side chains. This implies that the hybrid side chains contribute to the 
formation of efficient π–π stacking (π–stack distance ~3.6 Å ) with face-on orientations.273, 293, 294  
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Table 3.2.2 Crystallographic parameters calculated from GIXD profiles 
Preparation condition Crystallographic parameters 
PTDPPSe-ref 
(octyldodecyl) 
PTDPPSe
-SiC4 
PTDPPSe
-SiC5 
PTDPPSe
-SiC6 
Drop-
casting 
As-cast 
(100) 
q (Å -1) 0.2895 0.2831 0.2672 0.2534 
d-spacing (Å ) 21.7 22.2 23.5 24.8 
FWHM (Å -1) 0.1086 0.1054 0.0517 0.0422 
Coherence length (Å ) 104.2 107.3 218.8 268.1 
π- π 
stack 
q (Å -1) 1.6185 1.6844 1.7133 1.7151 
d-spacing (Å ) 3.88 3.73 3.67 3.66 
Annealing 
at 220oC 
(100) 
q (Å -1) 0.291 0.2837 0.27 0.2553 
d-spacing (Å ) 21.6 22.1 23.3 24.6 
FWHM (Å -1) 0.023 0.0737 0.0339 0.0257 
Coherence length (Å ) 491.9 153.5 333.7 440.2 
π- π 
stack 
q (Å -1) N/Aa 1.7019 1.7122 1.7243 
d-spacing (Å ) N/A 3.69 3.67 3.64 
Solution-
shearing 
As-cast 
(100) 
q (Å -1) 0.2912 0.2839 0.2685 0.2537 
d-spacing (Å ) 21.6 22.1 23.4 24.8 
FWHM (Å -1) 0.0758 0.0485 0.0346 0.0344 
Coherence length (Å ) 149.3 233.3 327.0 328.8 
π- π 
stack 
q (Å -1) 1.6405 1.6982 1.7177 1.7195 
d-spacing (Å ) 3.83 3.70 3.66 3.65 
Annealing 
at 220oC 
(100) 
q (Å -1) 0.2936 0.2856 0.2720 0.2575 
d-spacing (Å ) 21.4 22.0 23.1 24.4 
FWHM (Å -1) 0.0317 0.0425 0.02831 0.025 
Coherence length (Å ) 356.9 266.2 399.6 452.5 
π- π 
stack 
q (Å -1) N/A 1.6993 1.7171 1.7206 
d-spacing (Å ) N/A 3.70 3.66 3.65 
aAfter thermal annealing treatment, PTDPPSe-ref did not show any discernible π−π stack peak in out-of-plane GIXD 
patterns. 
 
  Furthermore, this suggests that these PTDPPSe-Si films would be able to adopt 3-D conduction 
channels that would enhance charge transport over that of polymer films with perpendicular π–
planes.
273
 In contrast, the annealed film of PTDPPSe-ref did not show any discernible peak in the 
same range, while the as-prepared film revealed a weak and broad peak centered at qz = ~1.6 Å
-1 
(π–
stack distance ~3.8 Å ). This indicates that the PTDPPSe-ref film completely constitutes edge-on 
orientations after annealing, while a small portion of the as-prepared film forms face-on orientations. 
For TDPPSe-Si copolymers, the (100) layer distance decreased with decreasing alkyl spacer length, 
shifting from 24.6 Å  with a hexyl chain to 22.1 Å  with a butyl chain. The π–π stacking distance 
remained relatively constant. This indicates that shorter spacers resulted in the smaller lamellar 
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distance without affecting the – stacking distance. Moreover, the TDPPSe-Si copolymer films 
exhibited higher-order diffraction peaks, revealing relatively long-range order across the film 
thickness. Interestingly, the crystalline coherence length in the (100) direction increased with 
increasing length of the spacer in the siloxane-terminated side chains, implying that the hexyl spacer 
resulted in a higher degree of crystallinity and self-organization. Nevertheless, higher mobilities were 
observed in TDPPSe-Si copolymer films with alkyl spacers that were shorter than a hexyl group. This 
demonstrates the subtle trade-off between enhanced crystallinity, driven by the hydrophobic 
interactions of the side chain, and the charge transport, hampered by the insulating characteristics of 
the side chains.  
 
Table 3.2.3 OFET performance of optimized TDPPSe-Si copolymer films 
Conditiona p-channel n-channel 
Polymer Films Ta [
oC] 
μh,max
d 
[cm2V−1s−1] 
μh,avg
e 
[cm2V−1s−1] 
Ion/Ioff 
μe,max 
[cm2V−1s−1] 
μe,avg 
[cm2V−1s−1] 
Ion/Ioff 
PTDPPSe-
SiC4 
Spin-coated 
N/Af 1.38 1.19 (±0.13)g >104 0.79 0.37 (±0.24) >10 
220 2.78 1.40 (±0.56) >105 0.85 0.41 (±0.29) >102 
Drop-cast 
N/A 2.06 1.81 (±0.17) >103 0.98 0.45 (±0.23) >10 
220 3.72 2.75 (±0.62) >105 1.13 0.70 (±0.24) >102 
Solution-sheared 
N/A 5.36 5.05 (±0.31) >104 1.42 1.28 (±0.15) >103 
220 6.16 5.12 (±0.74) >104 3.07 1.39 (±0.73) >103 
PTDPPSe-
SiC5b 
Spin-coated 
N/A 1.38 1.12 (±0.26) >103 0.70 0.40 (±0.26) >10 
220 2.92 2.57 (±0.47) >105 1.13 0.54 (±0.37) >10 
Drop-cast 
N/A 1.82 1.58 (±0.18) >104 0.78 0.38 (±0.23) >10 
220 3.05 2.29 (±0.47) >104 1.32 0.53 (±0.40) >10 
Solution-sheared 
N/A 4.86 4.58 (±0.39) >103 2.06 0.99 (±0.63) >10 
220 8.84 5.66 (±1.45) >104 4.34 1.75 (±1.49) >10 
PTDPPSe-
SiC6c 
Spin-coated 
N/A 0.59 0.46 (±0.15) >104 0.046 0.042 (±0.003) >10 
220 1.69 1.54 (±0.10) >105 0.20 0.14 (±0.04) >102 
Drop-cast 
N/A 1.07 0.98 (±0.11) >105 0.095 0.092 (±0.009) >103 
220 2.48 2.02 (±0.38) >105 0.78 0.26 (±0.24) >102 
Solution-sheared 
N/A 3.16 2.87 (±0.26) >105 0.37 0.18 (±0.10) >102 
220 3.97 3.48 (±0.30) >104 2.20 0.97 (±0.50) >10 
aThe p-channel and n-channel characteristics of ambipolar FETs were measured with VDS = –100 and +100V, respectively. 
bFiltration was applied prior to the solution processing. cThe performance of PTDPPSe-SiC6 FETs reported in a previous 
paper199 is included for comparison. dThe maximum and the average mobility of the FET devices (L = 50 μm and W = 1000 
μm). fThermal annealing was not applied. gThe standard deviation. 
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Figure 3.2.9 Currentvoltage (IV) characteristics of OFETs with optimized thin-film fabricated by 
solution-shearing method. Transfer characteristics for PTDPPSe-SiC4 films of as-cast and annealed at 
220
o
C at (a) hole-, (b) electron-enhancement operation with VDS = –100 and +100V, respectively. (c) 
Output characteristics for PTDPPSe-SiC4 films after annealing at 220
o
C. Transfer characteristics for 
PTDPPSe-SiC5 films of as-cast and annealed at 220
o
C at (d) hole-, (e) electron-enhancement 
operation with VDS = –100 and +100V, respectively. (f) Output characteristics for PTDPPSe-SiC5 
films after annealing at 220
o
C (L = 50 μm and W = 1000 μm).  
 
Fabrication of solution-processed FETs and I–V characterizations 
To elucidate the relationship between the length of the alkyl spacer in the siloxane side chains and 
charge transport, bottom-gate top-contact FETs were fabricated using PTDPPSe-SiC4 and PTDPPSe-
SiC5. The polymer films (~30 nm thickness) were deposited on OTS-modified SiO2/Si substrates 
from a TDPPSe-Si copolymer solution in chlorobenzene (~3 mgmL
1
) by spin-coating, drop-casting, 
or solution-shearing. Solutions of PTDPPSe-SiC4 and PTDPPSe-SiC5 in chlorobenzene were heated 
to 80C to fully dissolve the polymer. Charge transport characteristics were measured in a nitrogen 
atmosphere. The performance of FETs fabricated with PTDPPSe-SiC4 and PTDPPSe-SiC5 are 
summarized in Table 3.2.3. The TDPPSe-Si copolymer exhibited ambipolar characteristics regardless 
of the type or length of side chain, as predicted by DFT calculations on the TDPP−selenophene 
copolymer.
199
 The relatively lower on/off ratios were observed from n-channel operation, due to the 
high off-current engendered by the superior hole conduction. The electrical performance of the 
solution-sheared polymer thin films was superior to that of the other solution-processed films due to 
the highly crystalline and aligned nature of the solution-sheared films, as observed in XRD and AFM 
analyses. Furthermore, the TDPP–selenophene copolymers containing siloxane-terminated side chains 
were easy to deposit as thin films on highly hydrophobic surfaces such as crystalline OTS-modified 
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SiO2/Si substrates. Very low contact angles were observed when the polymer solution was placed on 
these hydrophobic substrates, indicating that the siloxane-containing copolymers tended to have lower 
surface tensions than the same copolymers with conventional alkyl chains. This resulted in good 
wettability and facilitated the formation of uniform thin films. Figure 3.2.9 shows the representative 
transfer and output characteristics of optimized FETs based on solution-sheared films of PTDPPSe-
SiC4 and PTDPPSe-SiC5. Both polymers exhibited typical V-shaped, ambipolar behavior. Hysteresis 
was negligible in both the transfer and output characteristics of PTDPPSe-SiC4 and PTDPPSe-SiC5 
FETs. PTDPPSe-SiC4 films obtained from the as-prepared solutions without filtration also showed 
excellent electrical performance. The as-cast, solution-sheared PTDPPSe-SiC4 films showed 
remarkably high hole and electron mobilities of up to 5.36 and 1.42 cm
2
V
1
s
1
, respectively. These 
mobilities are approximately two and three times higher than those measured on the other solution-
processed films. Even higher hole and electron mobilities of 6.16 and 3.07 cm
2
V
1
s
1
 were obtained 
after annealing these films at 220°C, which demonstrated the effect of thermal annealing on charge 
transport. Similarly, very high charge carrier mobilities were obtained in annealed PTDPPSe-SiC5 
films (μh = 5.97 cm
2
V
1
s
1 
and μe = 3.94 cm
2
V
1
s
1
) without prior solution filtration (Table 3.2.4).  
 
Table 3.2.4 OFET performance of PTDPPSe-SiC5 films
a
 
Condition b p-channel n-channel 
Polymer Films Ta [
oC] 
μh,max
c 
[cm2V−1 s−1] 
μh,avg
d 
[cm2V−1 s−1] 
Ion/Ioff 
μe,max 
[cm2V−1 s−1] 
μe,avg 
[cm2V−1 s−1] 
Ion/Ioff 
PTDPPSe-
SiC5 
Spin-coated 
N/Ae 1.29 1.06 (±0.01)f >103 0.70 0.41 (±0.26) >10 
220 2.25 1.64 (±0.57) >105 1.13 0.51 (±0.35) >10 
Drop-cast 
N/A 1.69 1.53 (±0.15) >104 0.53 0.33 (±0.18) >10 
220 2.83 2.22 (±0.45) >103 0.85 0.54 (±0.37) >10 
Solution-
sheared 
N/A 4.77 4.06 (±0.87) >103 1.83 0.78 (±0.68) >10 
220 5.97 4.11 (±1.66) >104 3.94 1.19 (±1.22) >10 
aThe filtration was not applied. bThe p-channel and n-channel characteristics of ambipolar FETs were measured with VDS = –
100 and +100V, respectively. cThe maximum and dthe average mobility of the FET devices (L = 50 μm and W = 1000 μm). 
eThe thermal annealing was not applied. fThe standard deviation. 
 
  These mobilities are higher than those of previously reported PTDPPSe-SiC6 films. Note that under 
identical conditions, PTDPPSe-SiC4 exhibited the highest average mobilities due to the formation of 
optimized microstructures that facilitated charge transport. This result is consistent with the relatively 
dense molecular packing observed in XRD analyses of the PTDPPSe-SiC4 films. However, when 
solutions of PTDPPSe-SiC5 were passed through a syringe filter prior to solution-shearing, the 
annealed films exhibited extraordinary hole and electron mobilities of up to 8.84 and 4.34 cm
2
V
1
s
1
, 
respectively. This is in line with the formation of larger nanofibrillar crystalline domains after 
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filtration. To our knowledge, these hole and electron mobilities are the highest reported ambipolar 
mobilities measured in organic or polymer-based semiconductors to date. These results demonstrate 
that charge transport is critically affected by both solubility and processing architecture. Achieving 
the desired results is a balancing act between these two factors. In particular, optimization of solution 
processing parameters to facilitate the formation of homogeneous films is important for device 
fabrication using polymer semiconductors with short side chains. The hole-dominant transport 
characteristics are presumably due to smaller injection barriers for holes with respect to the gold 
contacts. For the TDPPSe–Si copolymers, the HOMO–LUMO energy levels gradually shifted 
depending on the side-chain length. The lowest HOMO level was observed in PTDPPSe–SiC4.  
 
Figure 3.2.10 Temperature effects on the electrical characteristics of drop-cast TDPPSe-Si copolymer 
FETs. {(a)-(c)} PTDPPSe-SiC4 FETs. (a) IDS-VG characteristics at various temperatures (80 K to 280 
K) with VDS = −100 V. (b) Temperature dependence of electron and hole mobilities in vacuum. (c) 
Arrhenius plot of the temperature dependence of the FET mobilities. The linear fits to the Arrhenius 
plot revealed EAs of 9 meV for p-channel and 8 meV for n-channel operation. {(d)-(f)} PTDPPSe-
SiC5 FETs. (d) IDS-VG characteristics at various temperatures (80 K to 280 K) with VDS = −100 V. (e) 
Temperature dependence of electron and hole mobilities in vacuum. (f) Arrhenius plot of the 
temperature dependence of the FET mobilities. The linear fits to the Arrhenius plot revealed EAs of 14 
meV for both p-channel and n-channel operations. A slight decrease in the average ambipolar 
mobility is presumably due to the exposure of devices to ambient air during the transfer process from 
a N2-filled glovebox to the vacuum chamber.  
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  The charge transport behavior of the TDPPSe-Si copolymers and their temperature dependencies 
were investigated between 80 and 280 K at 1×10
5
 Torr. The measurements were conducted with a 
temperature step of 50 K and a time delay of 1 h for stabilization. The hole and electron mobilities of 
the PTDPPSe-SiC4 and PTDPPSe-SiC5 FETs increased with increasing temperature, yielding a 
positive mobility temperature coefficient (dµ/dt > 0) (Figure 3.2.10). These results indicate that the 
PTDPPSe-SiC4 and PTDPPSe-SiC5 FETs follow a thermally-activated charge hopping transport 
model.
295
 Furthermore, Arrhenius plots of temperature-dependent mobility in p- and n-channel 
operations were generated for each copolymer to estimate the activation energy (EA) (Figure 3.2.11). 
For PTDPPSe-SiC4 FETs, linear fits of the data revealed EAs of 9 and 8 meV for p- and n-channel 
operations, respectively. PTDPPSe-SiC5 FETs yielded EAs of 14 meV for both p- and n-channel 
operations. These EAs are lower than those of high-performance D–A copolymers with alkyl chains.
115
 
 
 
Figure 3.2.11 Complementary-like inverter characteristics based on ambipolar PTDPPSe-Si OFETs. 
(a) Schematic of the complementary inverter structure. CMOS-like inverter characteristics of (b) 
PTDPPSe-SiC4 and (c) PTDPPSe-SiC5 inverter (VDD = +100V). 
 
  The complementary metal-oxide-semiconductor (CMOS)-like inverter characteristics of TDPPSe-
Si copolymers were also investigated using two ambipolar transistors. Output voltage (VOUT) was 
monitored as a function of input voltage (VIN) at a constant supply bias (VDD). The voltage transfer 
characteristic (VTC) curves and corresponding output voltage gains of PTDPPSe-SiC4 and 
PTDPPSe-SiC5 are shown in Figure 3.2.11. High gains of 55.1 and 53.0 were obtained from 
PTDPPSe-SiC4 and PTDPPSe-SiC5, respectively, although asymmetry in mobilities and threshold 
voltages in p- and n-channel operation resulted in a hysteresis between the forward and reverse 
sweeps and a signal inversion at a relatively large VIN.  
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3.2.3 Conclusion 
Solution-processable, high-performance, ambipolar polymer semiconductors were developed via side 
chain engineering of TDPP-selenophene copolymers with well-delocalized HOMO and LUMO 
isosurfaces over the polymer backbone (PTDPPSe-SiCn, where n = 4–6). The length of the alkyl 
spacer group in the hybrid side chain was delicately tuned to induce denser molecular packing and 
facilitate charge transport through 3-D conduction channels. Although both crystallinity and solubility 
were enhanced with increasing alkyl spacer length, the shorter side chains induced smaller lamellar 
spacing while retaining a close – stacking distance, leading to enhanced charge transport in the as-
prepared films. PTDPPSe-SiC5 films prepared in optimized conditions exhibited the best electrical 
performance with unprecedentedly high hole and electron mobilities of 8.84 and 4.34 cm
2
V
1
s
1
, 
respectively. Our results demonstrate the subtle trade-off between crystallinity, which is enhanced by 
the insulating side chains, and the charge transport. In addition, our findings provide new insight into 
the molecular design of organic electronics. Several remarkable features, including high mobility, 
good wettability on hydrophobic surfaces, and low activation energies for charge hopping, make these 
polymers highly promising materials for use in printed and flexible electronics. 
 
3.3 Controlling side-chain branching point on diketopyrrolopyrrole-based polymers: ε-Branched 
flexible side chain substituted diketopyrrolopyrrole-containing polymers designed for high hole and 
electron mobilities 
 
Adapted from ref. #296 with permission from Wiley
296
 
 
3.3.1 Research background and motivation for the work 
Due to their superior mechanical flexibility, roll-to-roll printing compatibility, and optoelectronic 
property tailorability, polymer-based field-effect transistors (FETs) are particularly well suited for 
fulfilling the near-future demand for bendable displays, e-paper, and radio frequency identification 
cards (RFIDs).
231, 280, 297-299
 Consequently, great efforts in materials design have boosted the FET 
mobilities achievable from semiconducting polymers up to more than 1 cm
2
V
−1
s
−1
.
119, 120, 187, 202, 231, 239, 
280, 297-301
 Furthermore, several recent papers have reported that mobility values surpassing 3 cm
2
V
−1 
s
−1
 can be obtained in state-of-the-art donor-acceptor (D-A) polymers based on diketopyrrolopyrrole 
(DPP). The DPP motif not only contributes to tight π−π spacing but also enhances the charge 
delocalization through its high level of co-planarity and quinoidal structure, being highly beneficial to 
charge-carrier transport through intermolecular hopping.
115, 118, 119, 199, 200, 203, 302
 Even though their 
stability in ambient electrochemical oxidative processes is necessary for the broad-based, high-value 
applications mentioned above, solution-processable polymeric semiconductors performing beyond the 
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current levels—reliably exceeding 10 cm2V−1s−1 with an on/off ratio (Ion/Ioff) of at least 10
6—are the 
most compelling requirement for the progress of organic electronics. 
  Recently, we and other groups suggested the effectiveness of controlling the branching point of the 
side chain from the polymer backbone for tuning intermolecular self-assembly and charge-carrier 
mobility.
199, 200, 203, 303
 Therefore, side-chain engineering can be as important as manipulating the 
conjugated building blocks in the backbones when designing high-performance conjugated 
polymers.
304
 In this work, we report the substantially enhanced charge-transport characteristics of a 
series of DPP-based polymers showing vastly superior FET performance (hole mobilities (μh) of 
12.25 cm
2
V
−1
s
−1
 and Ion/Ioff  10
6
 together with electron mobilities (μe) larger than 2 cm
2
V
−1
s
−1
). These 
have been achieved by simply modulating the side-chain branching position (i.e., replacing the 
commonly used 2-octyldodecyl solubilizing group as the -branched chain of the DPP-based 
polymers with the 5-octylpentadecyl chain (ε-branched chain)). We also demonstrate the 
structureproperty relationships regarding the interplay of the molecular packing and macroscopic 
charge-transport efficacy. 
 
3.3.2 Results and discussion 
Synthesis and characterization 
Briefly, 5-octyl-1-pentadecyliodide as the key ε-branched side chain (ε-C8C15) was obtained from 
commercially available 2-octyl-1-dodecanol in four steps (iodination, Grignard reaction, 
hydroboration-oxidation, and re-iodination).
303
 The dibrominated DPP monomer 1 was synthesized by 
alkylation of the DPP core with the alkyl iodide, followed by bromination. In addition, the bis-
stannylated co-monomers (selenophene (SE), thiophene (T), 2,2'-dithiophene (DT), and (E)-2-(2-
(thiophen-2-yl)vinyl)thiophene (TVT)) were prepared according to the established methods.
187, 240, 303, 
305, 306
 The four DPP-containing polymers (PDPP(SE)-ε-C8C15, PDPP(T)-ε-C8C15, PDPP(DT)-ε-C8C15, 
and PDPP(TVT)-ε-C8C15 (Scheme 3.3.1)) were synthesized by Stille cross-coupling copolymerization 
of their respective bis-stannylated co-monomeric units with 1. High-temperature (150°C) gel 
permeation chromatography (GPC) using 1,2,4-trichlorobenzene confirmed that satisfactory 
molecular weights (Mn = 38.250.8 kDa) were obtained in the cases of PDPP(SE)-ε-C8C15 and 
PDPP(T)-ε-C8C15, whereas both PDPP(DT)-ε-C8C15 and PDPP(TVT)-ε-C8C15 had slightly low 
molecular weights (Mn  20 kDa). This was most likely a result of their reduced solubility induced by 
the extending number of thiophene rings along the main backbone.  
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Scheme 3.3.1 Synthesis and chemical structures of DPP-based polymers bearing ε-branched side 
chains: 
a
Reagents and conditions: (i) 2,5-bis(trimethylstannyl)thiophene or 2,5-bis(trimethylstannyl) 
selenophene, Pd2(dba)3, P(o-tolyl)3, chlorobenzene, 110
o
C, for PDPP(SE)--C8C15, 95%, for 
PDPP(T)--C8C15, 97% (ii) 5,5'-bis(trimethylstannyl)-2,2'-dithiophene or (E)-1,2-bis(5-
(trimethylstannyl)thiophen-2-yl)ethene, chlorobenzene, Pd(PPh3)4, 110
o
C, for PDPP(DT)--C8C15, 
60%; for PDPP(TVT)--C8C15, 52%  
 
 
Figure 3.3.1 UV-is absorption spectra: (a) in chloroform solution and (b) as thin solid films. UPS 
spectra of polymer films at (c) high- and (d) low-energy region. 
 
 
 
400 500 600 700 800 900 1000 1100
0.0
0.2
0.4
0.6
0.8
1.0
A
b
s
o
rb
a
n
c
e
 (
a
.u
)
Wavelength (nm)
 SE
 T
 DT
 TVT
400 500 600 700 800 900 1000 1100
0.0
0.2
0.4
0.6
0.8
1.0
A
b
s
o
rb
a
n
c
e
 (
a
.u
)
Wavelength (nm)
 SE
 T
 DT
 TVT
a) b)
TVT
20 18 16 14 12 10
In
te
n
s
it
y
 (
a
.u
.)
Binding Energy (eV)
DT
T
SE
TVT
2 1 0 -1
In
te
n
s
it
y
 (
a
.u
.)
Binding Energy (eV)
T
SE
c) d)
DT
    
 - 91 - 
Table 3.3.1 Molecular weights, optical and electrochemical characteristics of ε-branched DPP 
polymers 
Polymer 
Mn 
[kDa]/PDI 
λmax
sol 
[nm]a 
λmax
film 
[nm] 
Eg
 [eV]b
 EHOMO 
[eV]c 
ELUMO 
[eV]d 
PDPP(SE)--C8C15 38.2/2.57 867 799, 870
e) 1.26 -4.94 -3.68 
PDPP(T)--C8C15 50.8/2.28 840 774, 841 1.28 -4.95 -3.67 
PDPP(DT)--C8C15 15.4/1.95 734,817
e 737, 805 1.32 -4.91 -3.59 
PDPP(TVT)--C8C15 19.0/2.06 745, 803 734, 797 1.35 -4.87 -3.52 
aPolymer solutions were prepared in chloroform with 0.5 mgmL−1 and the films were spin-coated on glass substrates; 
bDetermined from the onset of the electronic absorption spectra; cMeasured by UPS technique, incident photon energy (h = 
21.2 eV) for He I (EHOMO
UPS = h − (Ecutoff − EHOMO); 
dELUMO = EHOMO − Eg; 
eAbsorption maxima denote two wavelengths 
for absorption spectra with an additional distinguishable shoulder. 
 
Optical and electrochemical properties 
As shown in Figure 3.3.1, all the polymers exhibited strong absorptions ranging from 350 to 1100 nm 
in solution and as thin films (Table 3.3.1). Both PDPP(SE)-ε-C8C15 and PDPP(T)-ε-C8C15 showed 
marked red-shifted absorptions with broad featureless profiles when compared to PDPP(DT)-ε-C8C15 
and PDPP(TVT)-ε-C8C15, which both had far more pronounced vibronic structures. More interestingly, 
no obvious change was observed in the case of the polymers with axisymmetric donors (T and SE) 
upon going from solution to the solid state. This was in contrast to the polymers containing 
centrosymmetric units (DT and TVT), which showed slight blue shifts. These results imply that the 
symmetry within the polymer backbones has a significant influence on molecular 
conformation/organization, though the film morphologies are always accompanied by conjugation 
length effects. The highest occupied molecular orbital (HOMO) energy levels of all the polymers 
were measured by ultraviolet photoelectron spectroscopy (UPS), and the resulting HOMO values 
were between −4.95 eV and −4.87 eV for as-spun films (Figure 3.3.1), which were about 0.20.4 eV 
higher than those obtained by cyclic voltammetry (CV), yet the similar variation trend was preserved 
(Figure 3.3.2). Using their optical band gaps, we estimated their lowest unoccupied molecular orbital 
(LUMO) levels to be in the range of −3.68 to −3.52 eV (Table 3.3.1). Note that the tendency of DPP-
based polymers to easily form aggregates in the solid state implies that the values obtained for the 
energy levels cannot be deemed absolute values.
270
 On the other hand, computational results (density 
functional theory (DFT), B3LYP/6-31G*) showed that the HOMOs were well delocalized along the 
polymer chains but the LUMOs were slightly localized on the DPP core, together with their high 
degree of structural coplanarity (Figure 3.3.3). 
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Figure 3.3.2 Cyclic voltammograms of ε-branched DPP polymers in thin films drop-cast on a 
platinum working electrode and tested in 0.1 M n-Bu4NPF6/CH3CN solution. The calculated 
HOMO/LUMO energy levels of PDPP(SE)-ε-C8C15, PDPP(T)-ε-C8C15, PDPP(DT)-ε-C8C15, and 
PDPP(TVT)-ε-C8C15 are −5.38/−3.55, −5.39/−3.61, −5.25/−3.51, and −5.21/−3.45 eV, respectively. 
 
 
Figure 3.3.3 Calculated optimized geometries and molecular orbitals for the model trimers of ε-
branched DPP polymers: (a) PDPP(SE)-ε-C8C15, (b) PDPP(T)-ε-C8C15, (c) PDPP(DT)-ε-C8C15, and (d) 
PDPP(TVT)-ε-C8C15 (B3LYP/6-31G*). 
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Figure 3.3.4 Currentvoltage (IV) curves obtained from FET devices with ε-branched DPP polymer 
films annealed at 220
o
C: {(a)-(d)} PDPP(SE)-ε-C8C15, {(e)-(h)} PDPP(T)-ε-C8C15, {(i)-(l)} 
PDPP(DT)-ε-C8C15, and {(m)-(p)} PDPP(TVT)-ε-C8C15. Transfer characteristics at {(a),(e),(i),(m)} 
hole- and {(b),(f),(j),(n)} electron-enhancement operation with VDS = −100 and +100V, respectively. 
Output characteristics at {(c),(g),(k),(o)} p- and {(d),(h),(l),(p)} n-channel operation (L = 50 μm and 
W = 1000 μm). 
 
FET performance 
To investigate the charge-transport properties of these materials, bottom-gate top-contact FETs were 
fabricated using four ε-branched DPP-based polymers as the semiconducting layers. All the polymers 
exhibited hole-dominant ambipolar transport, most likely due to the well-delocalized HOMO levels 
and the lower injection barriers for holes with regard to gold electrodes. This is also related to the high 
off-currents and threshold voltages in the electrical performance, especially for electron conduction. 
Figure 3.3.4 shows the representative transfer and output curves of optimized FETs based on the drop-
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cast PDPP(SE)-ε-C8C15 films. The typical V-shaped traces in the transfer curves are indicative of 
ambipolar charge transport. In particular, PDPP(SE)-ε-C8C15 and PDPP(T)-ε-C8C15 films exhibited 
remarkably high values of μh and μe of up to 12.25/2.25 and 8.32/1.26 cm
2
V
−1
s
−1
, respectively, in the 
optimized films annealed at 220
o
C (Table 3.3.2). Furthermore, the as-cast PDPP(SE)-ε-C8C15 polymer 
films also showed high ambipolar mobilities of ~5.57/1.10 cm
2
V
−1
s
−1
 (Table 3.3.3). The superior 
ambipolar FET performance of PDPP(SE)-ε-C8C15 might be attributed to the stronger intermolecular 
interactions induced by selenium through Se···Se contacts and its lowest band gap with a lower-lying 
LUMO energy level that facilitated electron injection from gold contact, compared with those of other 
polymers. Moreover, PDPP(SE)-ε-C8C15 exhibited remarkably improved electrical performance in 
comparison with previously reported PDPP(SE),
199
 presumably due to the positive effects of the 
extended branching point of alkyl side chains.  
 
Table 3.3.2 Optimized FET performance of ε-branched DPP polymer filmsa  
Polymer filmb 
p-channel n-channel 
μh,max
c
 
[cm2V−1 s−1] 
μh,avg
d 
[cm2V−1 s−1] 
Ion/Ioff
e 
VT,avg 
[V] 
μe,max 
[cm2V−1 s−1] 
μe,avg 
[cm2V−1 s−1] 
Ion/Ioff 
VT,avg 
[V] 
PDPP(SE)- 
-C8C15 
Spin-
coating 
6.22 
5.64 
(±0.46)f 
106 – 107 
-9.3 
(±0.9) 
1.59 
1.15 
(±0.17) 
102 – 104 
86.4 
(±2.8) 
Drop-
casting 
12.25 
8.25 
(±2.47) 
104 – 106 
-9.2 
(±2.3) 
2.25 
1.38 
(±0.48) 
102 – 103 
78.0 
(±8.2) 
PDPP(T)- 
-C8C15 
Spin-
coating 
5.81 
5.34 
(±0.28) 
104– 105 
-14.6 
(±0.7) 
0.96 
0.79 
(±0.09) 
102 – 103 
81.9 
(±1.1) 
Drop-
casting 
8.32 
6.06 
(±0.99) 
104 – 106 
-13.2 
(±3.5) 
1.26 
0.97 
(±0.12) 
102 – 103 
80.6 
(±3.9) 
PDPP(DT)- 
-C8C15 
Spin-
coating 
3.47 
3.15 
(±0.22) 
105 – 106 
-6.4 
(±0.5) 
0.39 
0.31 
(±0.07) 
102 – 103 
97.8 
(±4.7) 
Drop-
casting 
4.36 
4.00 
(±0.20) 
105 – 107 
-5.5 
(±5.1) 
0.56 
0.34 
(±0.09) 
102 – 104 
96.8 
(±4.5) 
PDPP(TVT)- 
-C8C15 
Spin-
coating 
4.34 
3.48 
(±0.58) 
105 – 106 
-5.5 
(±3.4) 
0.19 
0.13 
(±0.05) 
102 – 103 
97.4 
(±3.6) 
Drop-
casting 
5.20 
4.48 
(±0.43) 
105 – 107 
-4.2 
(±1.7) 
0.19 
0.14 
(±0.03) 
102 – 103 
97.1 
(±12.7) 
aThe polymer films were annealed at 220°C and their FET performance of more than 30 devices was tested in a nitrogen 
atmosphere; bThe device performance of drop-cast films was better than that of spin-coated films, which can be attributed to 
their highly crystalline nature developed by relatively slow evaporation of solvent; cThe maximum and daverage mobility of 
the FET devices (L = 50 μm and W = 1000 μm); eThe range of on- and off-current ratio; fThe standard deviation. 
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Table 3.3.3 FET performance of as-cast ε-branched DPP polymer films 
Polymer filma 
p-channel n-channel 
μh,max
b
 
[cm2V−1 s−1] 
μh,avg
c 
[cm2V−1 s−1] 
Ion/Ioff
d 
VT,avg 
[V] 
μe,max 
[cm2V−1 s−1] 
μe,avg 
[cm2V−1 s−1] 
Ion/Ioff 
VT,avg 
[V] 
PDPP(SE)--
C8C15 
Spin-
coating 
3.33 
3.09 
(±0.22)e 
104 – 106 
-17.9 
(±4.6) 
0.79 
0.59 
(±0.12) 
103 – 104 
87.0 
(±5.6) 
Drop-
casting 
5.57 
3.96 
(±0.94) 
103 – 105 
-11.8 
(±4.5) 
1.10 
0.61 
(±0.26) 
102 – 103 
77.7 
(±5.6) 
PDPP(T)- 
-C8C15 
Spin-
coating 
3.98 
3.54 
(±0.28) 
106– 107 
-24.1 
(±5.9) 
0.46 
0.40 
(±0.04) 
103 – 104 
88.4 
(±8.9) 
Drop-
casting 
4.24 
3.55 
(±0.47) 
105 – 106 
-21.7 
(±1.4) 
0.48 
0.38 
(±0.05) 
103 – 104 
85.1 
(±5.2) 
PDPP(DT)- 
-C8C15 
Spin-
coating 
1.27 
1.03 
(±0.14) 
105 – 106 
9.8 
(±1.9) 
0.08 
0.07 
(±0.01) 
104 – 105 
106.2 
(±7.8) 
Drop-
casting 
2.07 
1.22 
(±0.38) 
104 – 106 
8.7 
(±3.3) 
0.12 
0.07 
(±0.02) 
104 – 105 
100.2 
(±4.8) 
PDPP(TVT)--
C8C15 
Spin-
coating 
1.88 
1.84 
(±0.02) 
105 – 106 
4.8 
(±2.6) 
0.03 
0.03 
(±0.01) 
10  – 102 
119.0 
(±4.2) 
Drop-
casting 
2.96 
2.09 
(±0.47) 
105 – 107 
8.8 
(±3.4) 
0.09 
0.06 
(±0.03) 
102 – 104 
109.3 
(±10.0) 
aThe device performance of drop-cast films was better than that of spin-coated films, which can be attributed to their highly 
crystalline nature developed by relatively slow evaporation of solvent; bThe maximum and caverage mobility of the FET 
devices (L = 50 μm and W = 1000 μm); dThe range of on- and off-current ratio; eThe standard deviation. 
 
  On the other hand, PDPP(DT)-ε-C8C15 and PDPP(TVT)-ε-C8C15 exhibited relatively poor ambipolar 
performance with far more hole-dominant transport. The maximum hole mobilities of 4.36 and 5.20 
cm
2
V
−1
s
−1
 were obtained from the optimized PDPP(DT)-ε-C8C15 and PDPP(TVT)-ε-C8C15 films, 
respectively, whereas the electron mobilities were approximately 10–50 times lower than the hole 
mobilities (μe,max = ~0.56 cm
2
V
−1
s
−1
). The highly π-extended backbone structures with electron-rich 
groups (DT and TVT) led to higher-lying LUMO energy levels, which might increase electron 
injection barriers. This is in line with the lowest electron mobilities of PDPP(TVT)-ε-C8C15 films. In 
order to exploit the merit of ambipolar charge transport, complementary metal–oxide–semiconductor 
(CMOS)-like inverter characteristics were tested using PDPP(SE)-ε-C8C15 and PDPP(T)-ε-C8C15 films, 
which exhibited high gains of 61.7 and 51.4, respectively (Figure 3.3.5).  
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Figure 3.3.5 (a) Schematic of the complementary inverter structure. (b) CMOS-like inverter 
characteristics of PDPP(SE)-ε-C8C15 and PDPP(T)-ε-C8C15 inverters (VDD = +100 V). 
 
  The detrimental effects driven by the asymmetry in mobility and threshold voltage in p- and n-
channel modes may be overcome with further optimization of device architecture. Further 
experiments are currently underway to improve the inverter characteristics of both polymers and 
finally realize the high performance organic circuits. 
 
Thin-film microstructure analysis 
To elucidate the observed FET performance in terms of morphological aspects, we investigated the 
structural features of the polymer films by atomic force microscopy (AFM) analysis (Figure 3.3.6).  
 
Figure 3.3.6 AFM height (left) and phase (right) images of polymer films annealed at 220°C: (a) 
PDPP(SE)-ε-C8C15, (b) PDPP(T)-ε-C8C15, (c) PDPP(DT)-ε-C8C15, and (d) PDPP(TVT)-ε-C8C15. The 
polymer films were prepared by drop-casting method on OTS-treated SiO2/Si substrates. 
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Figure 3.3.7 AFM height (left) and phase (right) images of as-cast drop-cast ε-branched DPP polymer 
films: (a) PDPP(SE)-ε-C8C15, (b) PDPP(T)-ε-C8C15, (c) PDPP(DT)-ε-C8C15, and (d) PDPP(TVT)-ε-
C8C15. 
 
The annealed films formed densely packed nanofibrillar structures with interconnected domains 
that acted as efficient pathways for charge-carrier transport. In particular, for PDPP(SE)-ε-C8C15 and 
PDPP(T)-ε-C8C15 films, distinct fibrillar networks were observed over the whole surface area. The 
PDPP(SE)-ε-C8C15 film showed relatively larger fibrils (~110 nm in diameter) than those of the 
PDPP(T)-ε-C8C15 film (~70 nm), which is closely related to the better charge-transport capability. On 
the other hand, the PDPP(DT)-ε-C8C15 film formed smaller fibrillar domains with some portions of 
granular structures. The annealed thin films formed enlarged fibrillar structures compared with the as-
cast films, illustrating improved FET device performance as compared with the as-cast thin films 
(Figure 3.3.7).  
 
Table 3.3.4 Crystallographic parameters of optimized ε-branched DPP polymer filmsa 
Polymer 
Lamellar spacing π−π spacing 
qz [Å
−1] d [Å ] FWHM [Å −1] Lc [Å ] qxy [Å
−1] d [Å ] qz [Å
−1] d [Å ] 
PDPP(SE)-ε-C8C15 0.244 25.73 0.0256 220.7 1.720 3.65 1.721 3.65 
PDPP(T)-ε-C8C15 0.242 25.97 0.0232 243.7 1.736 3.62 1.745 3.60 
PDPP(DT)-ε-C8C15 0.263 23.92 0.0276 204.8 1.736 3.62 1.726 3.65 
PDPP(TVT)-ε-C8C15 0.269 23.36 0.0329 172.1 1.752 3.59 1.712
b 3.67 
aThe polymer films were prepared by drop-casting and thermal treatment at 220oC, and their parameters were calculated 
from GIXD profiles. All polymer films exhibited minor peak at qxy = ~1.58 Å
−1, corresponding to the alkyl chain interactions 
of -branched chains with d-spacing of about ~4 Å ; bFor PDPP(TVT)-ε-C8C15 films, the relatively weak π−π stacking was 
observed in out-of-plane GIXD patterns. 
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Figure 3.3.8 2D-GIXD images of polymer films annealed at 220°C: (a) PDPP(SE)-ε-C8C15, (b) 
PDPP(T)-ε-C8C15, (c) PDPP(DT)-ε-C8C15, and (d) PDPP(TVT)-ε-C8C15. The corresponding GIXD 
diffractogram profiles: (e) in-plane and (f) out-of-plane GIXD patterns. The polymer films were 
prepared by drop-casting method on OTS-treated SiO2/Si substrates. 
 
  To clarify the crystallinities and molecular orientations of the polymer films further, grazing 
incidence X-ray diffraction (GIXD) analyses were also performed. Figure 3.3.8 shows the GIXD 
images and the corresponding diffractogram profiles of the annealed polymer films. The polymers 
exhibited dominant edge-on orientations with well-defined lamellar peaks up to the fifth order (Table 
3.3.4). The influence of thermal annealing on the crystallinities of the films was observed in the 
strongly increased peak intensities and decreased lamellar distances compared with those of the as-
cast films (Table 3.3.5 and Figure 3.3.9).  
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Table 3.3.5 Crystallographic parameters of as-cast -branched DPP polymer filmsa 
Polymer 
Lamellar spacing π−π spacing 
qz [Å
−1] d [Å ] FWHM [Å −1] Lc [Å ] qxy [Å
−1] d [Å ] qz [Å
−1] d [Å ] 
PDPP(SE)-ε-C8C15 0.240 26.24 0.0385 146.8 1.706 3.68 1.717 3.66 
PDPP(T)-ε-C8C15 0.239 26.27 0.0371 152.3 1.724 3.64 1.725 3.64 
PDPP(DT)-ε-C8C15 0.261 24.08 0.0313 181.0 1.763 3.56 1.756 3.58 
PDPP(TVT)-ε-C8C15 0.268 23.44 0.0406 139.4 1.769 3.55 N/A
b) N/A 
aThe polymer films were prepared by drop-casting and their parameters were calculated from GIXD profiles; bPDPP(TVT)-
ε-C8C15 did not show any discernible π−π stack peak in out-of-plane GIXD patterns. 
 
 
Figure 3.3.9 2D-GIXD images of as-cast ε-branched DPP polymer films: (a) PDPP(SE)-ε-C8C15, (b) 
PDPP(T)-ε-C8C15, (c) PDPP(DT)-ε-C8C15, and (d) PDPP(TVT)-ε-C8C15. The corresponding GIXD 
diffractogram profiles: (e) in-plane and (f) out-of-plane GIXD patterns. The polymer films were 
prepared by drop-casting method on OTS-treated SiO2/Si substrates. 
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Figure 3.3.10 Comparison of GIXD diffractogram profiles of PDPP(SE) films with different 
branched side-chain: - and ε-branching position. In-plane (left) and out-of-plane (right) GIXD 
patterns of the polymer films annealed at 220°C. The polymer films were prepared by drop-casting 
method on OTS-treated SiO2/Si substrates. 
 
  PDPP(SE)-ε-C8C15 and PDPP(T)-ε-C8C15 had similar lamellar packing structures with only a small 
difference (~0.2 Å ) in their d-spacings. Compared with thermally annealed -branched PDPP(SE) 
films that show diffraction peaks up to the fourth order,
200
 PDPP(SE)-ε-C8C15 exhibited higher-order 
peaks up to the fifth order, a π−π stacking peak at qz = ∼1.72 Å
−1
, as well as enhanced crystallinities 
along the in-plane direction (Figure 3.3.10). Despite the increased (100) layer distance (by ~4.1 Å ) 
upon changing the alkyl spacer from methyl to butyl unit, the π−π stacking distance decreased with 
increasing alkyl spacer length, from 3.96 Å  for a -branched chain to 3.65 Å  for a ε-branched chain, 
which may lead to facilitated 3-D charge transport in PDPP(SE)-ε-C8C15. This may result from the 
stronger intermolecular π−π interactions by alleviating the steric side effect of alkyl chains to the 
conjugated backbone. On the other hand, PDPP(DT)-ε-C8C15 and PDPP(TVT)-ε-C8C15 showed 
slightly shorter (100) layer distances of 23.92 and 23.36 Å  than PDPP(T)-ε-C8C15 (25.97 Å ), 
indicating the more tilted or interdigitated side chains from the extended π-conjugation systems. 
Although the shorter layer distance may be favorable for the charge transport, the number of layers, 
estimated from Lc(100)/d(100), can reveal more accurate combined effects of layer distance and crystallite 
size (coherence length of the layer). The Lc(100)/d(100) of PDPP(T)-ε-C8C15, PDPP(DT)-ε-C8C15, and 
PDPP(TVT)-ε-C8C15 was estimated to be 9.4, 8.6, and 7.4 layers, respectively. This may account for 
the relatively lower mobilities of PDPP(DT)-ε-C8C15 and PDPP(TVT)-ε-C8C15. Furthermore, the 
homogeneity (structural distribution) of the π−π and lamellar stacking, estimated from the circular 
averaging of (010) and (100) diffraction peak, can be used to explain the favorable structure for the 
charge transport.  
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Figure 3.3.11 2D-GIXD images of 220
o
C annealed drop-cast films of (a) PDPP(T)-ε-C8C15 and (b) 
PDPP(DT)-ε-C8C15. The corresponding circular averaged approximation for (c) (100)- and (d) (010)-
diffraction peaks (where χ is defined as the semicircular angle between the crystallite orientation and 
the surface normal). 
 
  Figure 3.3.11 shows the circular averaging of (010) and (100) peaks of PDPP(T)-ε-C8C15 and 
PDPP(DT)-ε-C8C15, where PDPP(T)-ε-C8C15 reveals much narrower distribution both in the π−π and 
lamellar stacking structures than PDPP(DT)-ε-C8C15, implying more favorable charge transport for 
PDPP(T)-ε-C8C15. All polymer films featured strong perpendicular molecular orientations together 
with the presence of π−π stacking (π−stack distance ~3.67 Å ) on the substrate. This result suggests 
that the ε-branched DPP-based polymer films would be able to build up edge-on dominant 3-D 
conduction channels that would be efficient pathways for charge transport. 
 
3.3.3 Conclusion 
In summary, the recent interest in tuning the intrinsic properties of semiconducting polymers via side-
chain engineering prompted us to introduce a side-chain modulated branching point—-branched 
position from the backbone—to DPP-based polymers with a view to obtaining high-performance 
conjugated polymers. We demonstrated that the use of ε-C8C15 solubilizing groups in DPP-based 
polymers triggers a critical change of polymer chain orientations in thin films, resulting in a dramatic 
improvement in FET devices (μh up to 12.25 cm
2
V
−1
s
−1 
and Ion/Ioff  10
6
 while maintaining their good 
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electron mobilities). Not only do the vastly superior FET performance characteristics represent a 
significant achievement in organic semiconductor development, but also the applicability of the 
branching point platform extends beyond the examples studied here, which will help propel the 
development of other disciplines. 
 
3.4 Direct comparison between siloxane chain and alkyl chain with same branch position: 
Siloxane-terminal groups in side chains: A powerful tool for high mobility, processability, and 
stability 
 
3.4.1 Research background and motivation for the work 
Molecular packing and macroscopic order in the semiconducting layers of organic field-effect 
transistors (OFETs) are of the utmost importance in their electrical performance. With notably rare 
exceptions,
119, 188, 202, 231, 257, 307-313
 state-of-the-art charge-carrier mobilities for either p-channel or n-
channel OFET operation are usually achieved when semiconducting polymers form tightly packed 
molecular crystals with an outstanding structural order.
21, 172, 203, 293, 314
 Consequently, not unexpectedly, 
most research efforts have focused on “conjugated backbone” engineering via a reasonable molecular 
setup,
45, 46, 48-50, 202
 because it was thought to be critical to directly promoting closer − stacking of 
the given systems, which can effectively induce charge transport through a hopping mechanism.
21, 172, 
188
 
  On the other hand, recent studies have begun to emphasize the substantial impact of “side chains” 
far beyond the solubility issue for device fabrication, especially that on molecular ordering and thin-
film morphology and hence OFET performance. For example, the pioneering work of Bao et al. 
reported that moving the side-chain branching point away from conjugated backbones—in which 
bulky siloxane (SiOSi skeleton) blocks as part of the solubilizing groups were introduced at the end 
of the side chain to afford sufficient polymer solubility—has crucial consequences, with related work 
on transistor devices showing improved charge-carrier mobilities. Using a similar concept, Pei et al. 
systematically elucidated the significant effect of the branching position of the regular branched alkyl 
side chain on the microcrystalline structure and OFET performance.
117, 120
  
  Thereafter, a series of representative semiconductors with a variety of branching points followed, 
shedding light on their excellent charge transport properties.
51, 117, 203, 303, 315
 Independently, we also 
analyzed data from a broad set of top-performing polymers for OFETs and noted the specific effect of 
the branching position not only in the terminal siloxane groups but also in the conventional alkyl 
chains.
199, 200, 296
 To date, however, no report has clearly addressed the actual role of the siloxane-
terminal groups in film morphology and device performance in comparison with the alkyl-terminal 
analogs. 
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  With the aim of understanding the degree to which a subtle change in the terminal groups 
influences the nature of polymers, in this contribution, we report a detailed characterization of 
polymers (PDPPTT-RTG and PDPPTT-SiTG with an additional reference (PDPPTT-ref)) with 
essentially identical physical characteristics (i.e., structural units) except for the end functionalities of 
the side chains (siloxane- vs. alkyl-terminal groups). We improve the OFET mobility of both the 
polymers (PDPPTT-RTG and PDPPTT-SiTG)—which have a relatively larger distance between the 
terminal position and the conjugated core—to an extraordinarily high level. In addition, our 
comparative study reveals that the siloxane-terminal groups can effectively tune the intrinsic 
properties of polymers, including absorption, energetics, molecular packing, and charge transport. 
More importantly, we demonstrate the superior long-term stability of the PDPPTT-SiTG device in a 
humid environment as a result of the high hydrophobicity derived from the siloxane groups, which is 
an essential requirement for the successful implementation of OFETs. 
 
3.4.2 Results and discussion 
Molecular design, synthesis, and characterization  
We chose a polymer (PDPPTT) based on diketopyrrolopyrrole (DPP) and thieno[3,2-b]thiophene (TT) 
units as the model system of the backbone, since this type is well known as one of the best-performing 
semiconducting polymers. For an ideal test bench to compare the siloxane- versus alkyl-terminal 
groups, we designed and synthesized two PDPPTT polymers with an identical distance between the 
terminal point and the backbone core yet two different terminal groups (PDPPTT-RTG and PDPPTT-
SiTG in Figure 3.4.1). We prepared the reference polymer (PDPPTT-ref) with the conventional 2-
octyldodecyl side chains for the sake of comparison. Moreover, in order to eliminate their molecular 
weight (Mn)-dependent properties as a complicating variable,
115, 202, 217, 316, 317
 our synthetic effort was 
directed at achieving very similar Mn and polydispersity index (PDI) values of the studied polymers 
by optimizing the catalyst system and reaction conditions for the Stille polymerization: Mn = 48.1 kDa, 
PDI = 3.50 for PDPPTT-ref, Mn = 50.3 kDa, PDI = 3.02 for PDPPTT-RTG, and Mn = 49.3 kDa, PDI = 
3.21 for PDPPTT-SiTG.  
 
Figure 3.4.1 Chemical structures of PDPPTT-RTG, PDPPTT-SiTG together with the reference polymer 
(PDPPTT-ref) in this study.  
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  All polymers in both chloroform solution and as thin films exhibit strong and broad absorptions in 
the region of 350–1100 nm (Figure 3.4.2a and b). The spectra of all polymer films appear somewhat 
broadened and red-shifted when compared to those in solutions, which correlates with their solid-state 
packing. Very interestingly, we observe that both PDPPTT-ref and PDPPTT-SiTG feature remarkably 
similar patterns, whereas in the case of PDPPTT-RTG, the 0−1 vibrational transition relative to 0−0 is 
intensified. This behavior can be explained by the different types and degrees of aggregates that are 
formed by the planar and rigid DPP and TT moieties in conjugated backbones, which are highly 
dependent on their specific side chains. Detailed spectroscopic studies are ongoing to investigate this 
point, which is currently beyond the scope of this investigation. 
 
 
Figure 3.4.2 Absorbance and energy levels of PDPPTT-ref, PDPPTT-RTG, and PDPPTT-SiTG (a) 
normalized UV-vis spectra in chloroform solution at room temperature, (b) normalized UV-vis spectra 
as thin films cast from chloroform solution, and (c) ultraviolet photoelectron spectroscopy (UPS) 
spectra.  
 
  The frontier molecular orbital energies (the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) levels) were determined using ultraviolet photoelectron 
spectroscopy (UPS) (Figure 3.4.2c) and the absorption onsets from the UV-vis spectra. Both PDPPTT-
ref and PDPPTT-SiTG were found to have the same HOMO/LUMO levels (5.02/3.77 eV) in 
contrast to PDPPTT-RTG, which showed relatively increased HOMO/LUMO levels (4.88/3.62 eV). 
This observation is essentially consistent with the aforementioned behaviors based on the optical 
properties, unlike the previous results,
120, 199, 200
 in which the typical 2-octyldodecyl side chains led to 
the deeper HOMO level as a result of the slightly disrupted − interaction in the reference polymer. 
These results, together with the optical spectra of the polymers, indicate that optical properties and 
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energetics can be affected by a combination of the structure backbone and the end functionalities of 
side chains. In addition, the computational studies using density-functional theory (DFT, B3LYP/6-
31G (d, p)) revealed that the electron densities of both the HOMO and LUMO in the repeating units 
were well delocalized over the conjugated backbone regardless of the chosen side chains (Figure 
3.4.3).  
 
 
Figure 3.4.3 Computational studies of the DPPTT model monomers of (a) DPPTT-ref, (b) DPPTT-
RTG, and (c) DPPTT-SiTG.  
 
Microstructure analyses  
To investigate the terminal group effects on the microstructure of PDPPTT films, tapping-mode 
atomic force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD) analyses were 
performed on the polymer films. The PDPPTT films were prepared by drop-casting from chloroform 
solution (~2 mgmL
−1
) on n-octadecyltrimethoxysilane (OTS)-modified SiO2/Si substrates and 
annealing at an optimal temperature of 260
o
C in a nitrogen atmosphere. All polymer films formed 
densely interconnected nanofibrillar networks with relatively low surface roughness (less than 3.4 nm) 
(Figure 3.4.4). Note that there were distinct differences in the thickness of the PDPPTT nanofibrils 
depending on the types of side chains, indicating the existence of side-chain dependent morphological 
features. PDPPTT-ref formed fine fibrillar structures with a thickness of 23 nm, whereas thicker fibrils 
(51 nm) were observed in PDPPPTT-RTG films, implying that the branching position affects the 
intermolecular interactions. Moreover, PDPPTT-SiTG formed the thickest fibrils in the PDPPTT films 
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(68 nm, the relative thickness ratio for ref: RTG: SiTG  1:2:3), which indicates that siloxane-terminal 
groups are useful tools to prepare high-quality nanofibrillar structures for efficient charge transport in 
polymer film. These highly crystalline morphologies might be attributed to the superior solubility of 
PDPPTT-SiTG caused by the flexible siloxane-terminal groups in organic solvents,
318
 which developed 
larger fibrillar networks by the relatively slow solvent evaporation and long grain growth period.  
 
Figure 3.4.4 Morphology analyses of the polymer films. AFM height (top) and phase (bottom) images 
of (a)-(c), as-cast and (d)-(f), annealed PDPPTT films at 260
o
C: (a), (d), PDPPTT-ref, (b),(e), 
PDPPTT-RTG, and (c), (f), PDPPTT-SiTG. 
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Figure 3.4.5 2D-GIXD images of annealed film of (a) PDPPTT-ref, (b) PDPPTT-RTG, (c) PDPPTT-
SiTG, the corresponding GIXD diffractogram profiles of (d) in-plane and (e) out-of-plane GIXD 
patterns, and (f) the pole figure for (010) diffraction of PDPPTT-SiTG. 
 
 
Figure 3.4.6 2D-GIXD images of as-cast film of (a) PDPPTT-ref, (b) PDPPTT-RTG, (c) PDPPTT-SiTG, 
the corresponding GIXD diffractogram profiles of (d) in-plane and (e) out-of-plane GIXD patterns. 
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Table 3.4.1 Crystallographic parameters of PDPPTT films 
Polymer filma 
(100) lamellar spacing π–π spacing 
qz [Å
−1] d [Å ] 
FWHM 
[Å −1] 
Lc [Å ] qxy [Å
−1] d [Å ] 
As-cast 
PDPPTT-ref 0.303 20.73 0.0506 111.9 1.624 3.87 
PDPPTT-RTG 0.248 25.30 0.0422 134.0 1.746 3.60 
PDPPTT-SiTG
b 0.272 23.10 0.0474 119.4 1.728 3.64 
Annealing at 
260°C 
PDPPTT-ref 0.313 20.10 0.0313 180.5 1.624 3.87 
PDPPTT-RTG 0.250 25.09 0.0298 190.1 1.746 3.60 
PDPPTT-SiTG
b 0.273 23.03 0.0340 166.3 1.737 3.62 
aThe polymer films were prepared by drop-casting from a polymer solution on OTS-modified SiO2/Si substrates, and their 
parameters were calculated from GIXD profiles. All polymer films exhibited strong peak at qxy ≈1.48 Å
−1 irrespective of 
type of side-chains, which corresponds to existence of the alkyl chain interactions for side-chains in the as-cast condition. 
bFor PDPPTT-SiTG films, the additional (010) peak is observed at qz ≈1.737 Å
−1, implying the formation of π−π stacking 
with face-on orientations. 
 
  GIXD analyses were used to identify the crystalline nature and molecular orientation of the 
optimized PDPPTT films (Figure 3.4.5 and 6 Table 3.4.1). All of the PDPPTT films exhibited 
dominant edge-on orientations with well-defined lamellar peaks up to the fourth order. In particular, 
PDPPTT-RTG exhibited a remarkably enhanced crystalline nature compared with PDPPTT-ref films, 
such as higher-order lamellar peaks (up to the fifth order), stronger π−π stacking and alkyl chain 
interactions at qxy ≈1.75 and 1.47 Å
−1
, respectively. PDPPTT-RTG showed a relatively increased (100) 
layer distance of 25.09 Å  compared to that of PDPPTT-ref (20.10 Å ) due to the enlarged alkyl spacer 
length. On the other hand, PDPPTT-SiTG showed slightly shorter (100) layer distances of 23.03 Å  than 
PDPPTT-RTG despite the same alkyl spacer length as PDPPTT-RTG. In PDPPTT-SiTG, the additional 
lamellar stacking and π−π stacking were observed in the in- and out-of-plane directions, respectively. 
Note that PDPPTT-SiTG featured the most advanced bimodal distributions in π−systems with a face-on 
portion of 21.5% and π−π stacking distance of 3.62 Å  in both directions (Figure 3.4.5f). These results 
indicate that the relatively bulkier siloxane-terminal groups not only induced more tilted edge-on 
molecular orientations on substrates but also contributed to the formation of a larger amount of face-
on crystallites in PDPPTT-SiTG films. In addition, these features indicate that crystalline orientations 
in polymer thin films are controlled by termini modification of side chain structures and siloxane-
terminal groups are highly effective for forming edge-on dominant 3-D conduction channels in the 
entire film thickness. After thermal annealing, the crystalline coherence length (Lc) increased and the 
lamellar stacking decreased compared with those of the as-cast films, indicating that crystallinity 
increased with annealing (Figure 3.4.6 and Table 3.4.1). 
 
FET performance  
To elucidate the charge transport properties modulated by terminal groups of side chains, we 
fabricated bottom-gate top-contact FETs based on PDPPTT films. The polymer thin films were 
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prepared on n-octadecyltrimethoxysilane (OTS)-modified SiO2/Si substrates by drop-casting the 
chloroform solution (~2 mgmL
−1
) and then annealing on a hot plate at an optimal temperature of 
260
o
C for 30 min in a nitrogen atmosphere. The optimal annealing temperature was traced by testing 
the electrical performance of FETs based on the annealed films at various temperatures (Figure 3.4.7).  
 
Figure 3.4.7 Transfer characteristics of PDPPTT films depending on annealing temperature of (a) 
PDPPTT-ref, (b) PDPPTT-RTG, and (c) PDPPTT-SiTG. 
 
 
Figure 3.4.8 FET characteristics obtained from optimized FET devices with PDPPTT films after 
annealing at 260
o
C. Transfer characteristics for (a) PDPPTT-ref, (b) PDPPTT-RTG, and (c) PDPPTT-
SiTG at hole-enhancement operation with VDS = −100 V. Output characteristics for (d) PDPPTT-ref, (e) 
PDPPTT-RTG, and (f) PDPPTT-SiTG at p-channel operation.  
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Table 3.4.2 FET performance of the PDPPTT films 
Polymera Ta [°C] 
μh,max
b 
[cm2V−1 s−1] 
μh,avg
c 
[cm2V−1 s−1] 
Ion/Ioff VT
 [V] 
PDPPTT-ref 
N/Ad 0.54 0.50 (±0.03)e >104 -18.7 
260 3.23 2.76 (±0.29) >105 -9.4 
PDPPTT-RTG 
N/A 1.06 0.99 (±0.06) >104 -20.2 
260 4.96 4.28 (±0.33) >105 -9.9 
PDPPTT-SiTG 
N/A 0.92 0.81 (±0.06) >104 -18.5 
260 4.55 3.72 (±0.44) >105 -12.3 
aThe FET performance of more than 20 devices prepared by drop-casting method was tested in nitrogen atmosphere. bThe 
maximum and caverage mobility of the FET devices (L = 50 μm and W = 1000 μm). dThermal annealing was not applied. 
eThe standard deviation. 
 
  All the polymers exhibited unipolar p-type field-effect behaviors, most likely due to the well-
delocalized HOMO levels and relatively lower injection barriers for holes with regard to gold 
electrodes (Figure 3.4.8 and Table 3.4.2). PDPPTT-ref films exhibited high hole mobilities of up to 
0.54 cm
2
V
−1
s
−1
 and current on-to-off ratios of 10
4–105 without thermal annealing treatments. This 
indicates the effects of the strong intermolecular interactions between the polymer chains through the 
efficient π–π intermolecular overlaps of DPP and TT moieties. The annealed PDPPTT-ref films 
showed significantly enhanced hole mobilities of up to 3.23 cm
2
V
−1
s
−1
 due to the formation of larger 
granular structures in the polymer films after thermal annealing. Interestingly, despite the 
aforementioned different molecular packing and orientation properties in the thin-film state, both 
PDPPTT-RTG and PDPPTT-SiTG films showed remarkably high hole mobilities of up to 4.96 and 4.55 
cm
2
V
−1
s
−1
, respectively, confirming the significant effect of shifting the branching point away from 
the polymer backbone on FET mobility. It is noteworthy that in the case of PDPPTT-RTG, the denser 
π−π stacking system with edge-on orientations and larger crystalline domains consisting of more 
lamellar layers estimated from Lc(100)/d(100)—which, in general, are considered favorable for charge 
transport—were largely responsible for the slightly higher mobility compared to that of PDPPTT-SiTG. 
In order to determine the functional properties of PDPPTT polymers driven by their terminal 
groups, the PDPPTT films were exposed to a saturated humidity atmosphere (~100% relative 
humidity, RH) to demonstrate how long they could survive in harsh conditions. We measured the 
electrical performance right after taking the devices out of highly humid conditions and compared 
their stability characteristics (Figure 3.4.9 and 10). The device performance of PDPPTT-ref decreased 
significantly upon exposure to the saturated humidity condition (decrease in mobility of 22%), 
whereas PDPPTT-SiTG showed the most stable operations, perhaps due to the robust polymer films 
resulted from the intrinsic physical cross-linking and waterproof properties of the siloxane groups.
46, 
318, 319
 We also assume that water stability is closely related to the kinetic factors. The relatively larger 
grains with lower trap densities in PDPPTT-SiTG films can more efficiently prevent the diffusion of 
ambient oxidants and other impurities into the channel region and lead to more stable FET 
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performance than PDPPTT-RTG films.
21, 132, 320
 In addition, the surface properties of PDPPTT polymers 
were further investigated to evaluate their surface energy (γs) and the solvent wettability of the 
polymer films using contact angle measurements (Table 3.4.3). 
 
 
Figure 3.4.9 Water stability characteristics of PDPPTT-based FETs. (a) Comparison of the average 
mobilities and (b) changes in mobility ratio of PDPPTT-based FETs as function of the exposure time 
to humid atmosphere. Optical microscopy images of the polymer films exposed to humid 
environments: (c) PDPPTT-ref (d) PDPPTT-RTG, and (e) PDPPTT-SiTG.  
 
Table 3.4.3 Surface energies of optimized PDPPTT films
 
calculated from the contact angle 
measurement  
Polymer 
Contact angle [°] γps
a
 
[mJ m−2] 
γds
a 
[mJ m−2] 
γs
b 
[mJ m−2] Water Diiodomethane 
PDPPTT-2OD 99.64 54.81 0.26 31.80 32.06 
PDPPTT-5OP 100.63 54.67 0.17 32.14 32.31 
PDPPTT-SiC4b 102.40 62.42 0.30 27.22 27.53 
aγps and γ
d
s  refer to the polar and dispersion components of the surface energy, respectively. 
bγs is the surface energy; γs = γ
p
s 
+ γds. 
 
  Similar surface properties were observed in PDPPTT-ref and PDPPTT-RTG films: hydrophobic 
surfaces with a high water contact angle of ~100
o
 and surface energy of ~32.3 mJ m
−2
. On the other 
hand, the PDPPTT-SiTG film yielded more hydrophobic surfaces with a relatively lower surface 
energy of 27.5 mJ m
−2 
than
 
the other polymer films, implying its poor compatibility with polar water 
molecules. This indicates that the terminal groups can modulate the surface properties of polymer 
films and derive solvent resistance for stable operations under harsh conditions. Moreover, the lowest 
surface energy of PDPPTT-SiTG films allowed excellent solution processability on hydrophobic 
surfaces required for device optimization to form trap-free charge transport pathways. In particular, 
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the well-balanced surface energies of PDPPTT-SiTG and the hydrophobic OTS-treated SiO2 dielectric 
layer (γs = 26.9 mJ m
−2
) led to favorable interactions between polymer and dielectric surfaces for 
excellent wettability and facile solution processing (Figure 3.4.11). These results shed light on a 
powerful strategy for realizing stable device operation and facile solution processing in terms of the 
hybrid side chain engineering of conjugated polymers while maintaining the good charge transport 
properties of conjugated systems. 
 
Figure 3.4.10 Water stability characteristics of PDPPTT based FETs. Transfer curves of (a) PDPPTT-
ref, (b) PDPPTT-RTG, and (c) PDPPTT-SiTG as a function of exposure time to humid atmosphere. 
 
 
Figure 3.4.11 Wetting properties of the polymer solution. Contact angles of PDPPTT-ref, PDPPTT-
RTG, and PDPPTT-SiTG solution droplets on OTS-modified SiO2/Si substrates.  
 
3.4.3 Conclusion 
We had high hopes that a summary and analysis of the true roles of siloxane- versus alkyl-terminal 
groups would contribute to a better understanding of the structureproperty relationship in 
semiconducting polymers and facilitate the design of new compounds and the improvement of their 
device performance. Thus, we prepared PDPPTT-based polymers (PDPPTT-RTG and PDPPTT-SiTG 
together with an additional reference (PDPPTT-ref)) that have the same backbone structure with very 
similar Mn and PDI values but different terminal groups. By bringing together the data from 
comprehensive characterizations of the PDPPTT polymers in conjunction with their transport 
characteristics and thin-film morphologies, we determined the noticeable impacts of the terminal 
groups on the intrinsic properties of these polymers. In OFETs, both PDPPTT-RTG and PDPPTT-SiTG, 
despite having intrinsic differences in their nanostructural order and packing orientation, provide 
similarly high mobilities in excess of 4.5 cm
2
V
−1
s
−1
. More excitingly, in the devices fabricated from 
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PDPPTT-SiTG, we found unexpected and remarkably high stability over an extended period in a 
humid environment. Our investigation provides a new realm of key solutions for solving issues in 
processing, operational, and long-term stabilities while maintaining the excellent OFET properties 
that would be required for transitioning printed electronics from the laboratory to the marketplace. 
 
3.5 Introduction of thermally removable group in DPP-based polymer: Inversion of dominant 
polarity in ambipolar polydiketopyrrolopyrrole with thermally removable groups 
 
Adapted from ref. #175 with permission from Wiley
175
 
 
3.5.1 Research background and motivation for the work 
Printed organic field-effect transistors (OFETs) are key building blocks in the context of large-area, 
flexible and ultralow-cost electronics, such as radio-frequency identification (RFID) tags, smart cards, 
and organic active matrix displays.
14, 123, 139, 150, 151, 169, 170
 In comparison to small molecular or 
oligomeric materials, polymer semiconductors have been suggested as the best candidates for large-
scale device fabrication due to the superior solution processability and mechanical robustness. It thus 
comes as no surprise that to achieve ultimate success of OFETs and practical organic circuits, a great 
deal of effort has been devoted to both the synthesis of novel polymer-based semiconductors and the 
development of new fabrication techniques.
130, 281, 300, 321-330
  
  For instance, on the scientific side of development in materials design, hole mobilities in the range 
of 0.1−1 cm2V-1s-1 have not only been achieved with p-type polymers based on thiophene21, 120, 134, 272, 
331-333
 but also these high mobilities have recently been matched by an n-type naphthalene-
bis(dicarboximide) (NDI)-based polymer (e = 0.85 cm
2
V
-1
s
-1
)—a major step toward the realization of 
polymer-based complementary logic circuits.
178
 Also, a parallel and equally heady progress in OFETs 
has been driven by advances in fabrication or processing techniques-ranging from patterning and 
printing techniques (e.g., photolithography, inkjet printing, soft lithography) to deposition techniques 
(e.g., friction-transfer and rubbing alignment, photoalignment)—that have been successfully 
employed in the fabrication of the key components of organic devices.
334
 
  On the other hand, in order to exploit complementary metal oxide semiconductor (CMOS)-type 
logic circuits as well as to realize efficient light-emitting organic field-effect transistors (LE-OFETs) 
as the expanded issue associated with the OFETs, there is strong interest in developing ambipolar 
OFETs that can provide both p- and n-channel performance.
156, 241, 282, 335
 As a result of the 
aforementioned advances in the alignment techniques and unipolar material synthesis for hole- and 
electron-transporting semiconductors, ambipolar OFETs have been successfully realized by 
employing a piled bilayer of a p- and an n-type material,
242
 a blend system containing the two types of 
materials,
150
 and a dual nature ambipolar semiconductor.
282
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  Among those strategies, polymeric single-component ambipolar OFETs are a real prospect for the 
cost-effective production of OFETs because they can be deposited in the simplest single processing 
step. Recently, 3,6-(2-thiophenyl)-substituted diketopyrrolopyrrole (thiophenyl DPP)-based polymers 
have emerged as extremely attractive materials for both OFETs and solar cell devices.
123, 139, 147, 152, 154, 
187, 240, 293, 314, 336
 The DPP core with electron-deficient nature exhibits a planar conjugated bicyclic 
structure, which leads to strong – interactions. Besides, the two thiophene units adjacent to the DPP 
can alleviate their steric repulsions with DPP to maintain high coplanarity of the polymer backbone, 
which is essential for achieving efficient charge transport properties and low bandgaps. Thus, many 
polymers based on DPP have been reported for OFET applications
148, 337
 and the ambipolar OFETs 
with DPP-containing polymers have recently been accomplished by Bürgi,
152
 Janssen,
337
 and Li and 
coworkers,
148
 respectively. Independently, we found a nearly equivalent ambipolar polymeric 
semiconductor composed of benzothiadiazole (BT) and DPP.
139
 
 
 
 
Figure 3.5.1 Thermocleavable polymer based on diketopyrrolopyrrole (DPP) and schematic 
illustration of solution-shearing technique. 
 
  We are now interested in feasibility of the formation of a hydrogen-bonded network within the 
DPP-based polymers, which would enhance intermolecular charge-carrier hopping. However, to make 
the highly conjugated organic materials solution processable, introduction of solubilizing groups in 
the NH group of the DPP unit is necessary, which leads to transient disruption of intermolecular 
hydrogen-bonding interactions as well as reduction of the density of chromophores in the polymer. 
Therefore, a design strategy maintaining solubility without sacrificing the hydrogen bonding would be 
valuable for high performance OFETs. In addressing this issue, inspired by the work on thermally-
removable solubilizing groups in DPP-based materials, we design new version of an original 
thiophenyl DPP-based polymer (PTDPP) bearing tert-butoxycarbonyl (t-BOC) protective groups 
(Figure 3.5.1). The t-BOC groups are known to undergo thermolysis at ~180
o
C, affording the parent 
    
 - 115 - 
chromophore in high purity and quantitative yield.
44
 Therefore, they are advantageous to the 
formation of hydrogen-bonded network with a high chromophore density in a post-processing step. 
One promising approach to the thermal cleavage of solubilizing groups based on pyrrole was 
performed by Fréchet group.
338, 339
  
  Small-molecule semiconductors can form highly-crystalline elongated and aligned grains along the 
shearing direction on planar substrates by a facile solution-sheared deposition, where a small volume 
of an organic semiconductor solution is placed between two preheated silicon wafers that move 
relative to each other at a controlled rate.
274, 275
 Thereby, OFETs with several small molecules prepared 
through solution-shearing process produce mobilities that are comparable and more often superior to 
those of drop-cast devices. Furthermore, the solution-shearing offers another notable advantage for 
highly crystalline thin film preparations from a small volume of dilute organic solution without 
special additives or post-processing. Therefore, it can not only be a simple and rapid tool for screening 
the performance of solution-processable organic semiconductors, but also be adapted to high-
throughput manufacturing processes, such as roll-to-roll printing methods. A recent in-depth study by 
Giri et al. revealed that the lattice strain achieved by solution-shearing is highly beneficial to an 
increase in the charge transfer integral of –planes and allows an efficient charge transport.276 In this 
study, we utilize the intermolecular hydrogen-bonding interaction within thermocleavable material 
PTDPP as an additional driving force to further enhance molecular orientations in the thin films 
obtained with the solution-shearing technique. Figure 3.5.1 illustrates the core concept of our works. 
To the best of our knowledge, not only is the solution-shearing method firstly applied to study 
polymer-based OFETs but also there exist no examples showing the inversion of dominant polarity in 
ambipolar PTDPP OFETs subjecting to thermal treatment. 
 
3.5.2 Results and discussion 
Synthesis and chemical and thermal characterizations 
The synthetic routes to PTDPP are shown in Scheme 3.5.1. t-BOC-protected DPP pigment precursor 
was conveniently prepared from the thiophenyl DPP
138
 according to the literature method using di-
tert-butyl dicarbonate,
340
 which was then converted to dibrominated DPP 3 (yield 75%) as a monomer 
for metal (Ni or Pd)-catalyzed cross-coupling polymerizations. 
 
    
 - 116 - 
 
Scheme 3.5.1 Synthesis of polymer BOC-PTDPP:
:a
Reagents and conditions: (i) di-t-BOC, THF, 
under Ar, 24 h, 85%, (ii) 2-decyltetradecylbromide, K2CO3, DMF, 120°C, under Ar, 24 h, 55% (iii) 
NBS, CHCl3, dark, under Ar, 48 h, 75%, (iv) LDA, THF, −40°C, under Ar, 24 h, 79% (v) 
Pd2(dba)3/P-(o-Tol)3, K3PO4, toluene/H2O, 95°C for 72 h, 75% 
 
  In the first attempt, it was found that polymerization of dibrominated DPP 3 with only t-BOC 
groups on nitrogen atoms results in the polymer with extremely limited solubility. To enable the 
solution processability of the DPP-based polymer, we used a long branched alkyl side chain, 2-decyl-
1-tetradecyl to substitute DPP at the nitrogen atoms, which was transformed into the corresponding 
diboronic ester co-monomer 4 via lithiation (LDA) and subsequent reaction with 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (79%). A soluble DPP-containing polymer with thermally 
removable solubilizing groups (BOC-PTDPP) was prepared via Suzuki coupling polymerization 
between bis-borolylated and bis-brominated monomers. After Soxhlet extraction using methanol, 
acetone, and hexane, sequentially, whereby impurities and undesired low molecular weight oligomers 
were removed, a dark purple solid was obtained in a high yield (75%). According to size-exclusion 
chromatography (PS standards), the resulting polymer has a number-average molecular weight (Mn) = 
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13,520 g/mol and a polydispersity index (PDI) = 3.56. BOC-PTDPP is readily soluble in common 
organic solvents (THF, chloroform, toluene, etc) at room temperature because of its long branched 
side chain substitution. 
 
Figure 3.5.2 (a) TGA of t-BOC-protected DPP precursor with heating rate of 10°C in N2. (b) UV-vis 
absorption spectra of t-BOC-protected DPP, spin-coated (blue) and after 5 min at 200
o
C (red). The 
inset is the image of color changes upon the thermal treatment. 
 
  To precisely clarify a ‘latent pigment technology’ of the t-BOC-protected polymer films upon 
subsequent thermal treatment, inspections by thermogravimetric analysis (TGA) and UV-vis spectral 
changes were carried out to reveal the thermal behavior of the t-BOC-protected DPP pigment 
precursor which could serve as a model process for the spectroscopic characterization of the polymer 
BOC-PTDPP. TGA of the precursor 1 confirms the occurrence of the thermolysis reaction at about 
180°C. The mass loss is approximately 45%, which corresponds well to the loss of the t-BOC groups, 
indicating that the parent pigment is obtained in high purity and quantitative yield (Figure 3.5.2a). We 
prepared a uniform thin orange colored film by spin casting of the pigment solution in chloroform. 
Thermal treatment of this film at 200°C for 5 min resulted in the in situ regeneration of 
polycrystalline red colored film as a consequence of a pronounced red shift (Figure 3.5.2b). The 
change of photophysical properties is attributed to the NH---O hydrogen-bonding effect of DPP. 
 
 
Figure 3.5.3 (a) TGA of BOC-PTDPP precursor with heating rate of 10°C/min in N2. (b) UV-vis-NIR 
absorption spectra of BOC-PTDPP in thin film before and after thermal cleavage for 5 min at 200
o
C. 
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  The change of photophysical properties is attributed to the NH---O hydrogen-bonding effect of DPP. 
The thermal cleavage of the t-BOC groups in the polymer BOC-PTDPP also starts to occur at around 
180
o
C (Figure 3.5.3), whereas the UV-vis spectra of the thin films before and after thermal treatment 
were almost identical in shape and absorption, exhibiting a broad band centered at 800 nm. This 
observation is most likely due to the existence of the long branched alkyl side chain on the counterpart 
comonomer in which the hydrogen-bonding network along the polymer backbone can be somewhat 
disrupted. However, note that after the post-processing step, the final film became completely 
insoluble, implying the strong intermolecular – interactions in planar closely packed DPP systems. 
 
 
Figure 3.5.4 FT-IR spectra of (a) the drop-cast thin film and (b) the solution-sheared film of BOC-
PTDPP before (black line) and after (red line) thermal treatment at 200
o
C for 30 min. The blue dotted 
line is a guide line for C=O stretching bands. 
 
  To certify that the intermolecular interactions had successfully gone to hydrogen-bonding network, 
the drop-cast and solution-sheared BOC-PTDPP films before and after the thermal treatment at 200
o
C 
for 30 min were characterized by Fourier transform infrared (FT-IR) spectroscopy (Figure 3.5.4). The 
FT-IR spectra obtained after the thermal treatment reveal that the loss of the carbamate protecting 
groups induces the disappearance of the C=O stretching vibration bands at 1749 cm
-1
 as well as the 
appearance of the N-H band at near 3436 cm
-1 
(Figure 3.5.4a). It is found that the C=O (amide) has 
shifted to lower energies (by ~23 cm
-1
) after thermal treatment, which is indicative of the hydrogen 
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bonding (C=O---H-N) along the polymer backbone (Figure 3.5.4b). Furthermore, the solution-sheared 
polymer films with thermal treatment show further shift of C=O (amide), compared to the drop-cast 
films, presumably due to more pronounced intermolecular interactions in the solid state.  
 
 
Figure 3.5.5 Cyclic voltammograms of BOC-PTDPP thin film on the glassy carbon (GC) electrode in 
0.1M n-Bu4NPF6 acetonitrile solution at room temperature before (a) and after (b) thermal cleavage 
for 5 min at 200
o
C. 
 
Table 3.5.1 Electrochemical Properties 
BOC-PTDPP Eox
onset (V) Ered
onset (V) HOMO (eV)a LUMO (eV)b Eg
ec (eV)c 
Before heat 0.85 −0.67 −5.31 −3.79 1.52 
After heat 0.95 −0.63 −5.41 −3.83 1.58 
aHOMO (eV) = −(Eox
onset − Eferrocene
onset + 4.8); bLUMO (eV) = −(Ered
onset − Eferrocene
onset + 4.8); cEg
ec (eV) = Eox
onset − Ered
onset. 
 
Electrochemical Properties 
Cyclic voltammetry (CV) was performed to estimate the highest-occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) energy levels of BOC-PTDPP before and after 
thermal treatment. The experiments were carried out using tetra-n-butylammonium 
hexafluorophosphate (n-Bu4NPF6) (0.1M) as the supporting electrolyte, a glassy carbon working 
electrode (GC) coated with polymer films, a platinum-wire auxiliary electrode as a counter electrode, 
and a Ag wire pseudo-reference electrode at a scan rate of 100 mV/s, and Fc/Fc+ as the external 
standard. The cyclic voltammograms of BOC-PTDPP films before and after thermal annealing at 
200
o
C for 5 min are shown in Figure 3.5.5 and the CV data (Eox
onset
/Ered
onset
, HOMO and LUMO 
energy levels, Eg
ec
) are summarized in Table 3.5.1 Not only do both the t-BOC-protected and 
deprotected polymers exhibit reversible p-doping/dedoping (oxidation/re-reduction) processes at 
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positive potentials but also the n-doping/dedoping (reduction/re-oxidation) processes at negative 
potential range are clearly reversible. According to the empirical equation EHOMO/LUMO = −[Ered
onset
 – 
Eferrocene
onset
 + 4.8] eV,
341
 the HOMO and LUMO energy levels are estimated as −5.31 and −3.79 eV for 
BOC-PTDPP, whereas after thermal treatment, the polymer possesses slightly downshifted HOMO 
(−5.41 eV) and LUMO (−3.83 eV) with a nearly identical bandgap (Eg
ec
). The molecular energy levels, 
in particular the LUMO levels, well correspond to the empirical energy window (−3.1 to −3.8 eV) for 
ambipolar behaviors for OFETs with regard to gold contacts.
266, 342, 343 
 
X-ray diffraction (XRD) analysis  
To further elucidate the molecular orientation in the polymer thin films depending on the thermal 
cleavage, the out-of-plane X-ray diffraction (XRD) analysis was carried out on the BOC-PTDPP thin 
films. As shown in the black line of Figure 3.5.6, the as-cast thin film exhibits a sharp primary 
diffraction peak at 2 = 3.96o, which arises from the ordered interlayer stacking of the polymer and 
corresponds to a d(001)-spacing of 22.29 Å . The secondary small peak (002) is also observed at 2 = 
7.80
o
, indicating that the as-cast thin film has a relatively long-range ordering. Upon thermal cleavage 
by annealing at 200
o
C for 30 min, the deprotected-polymer exhibits a primary diffraction peak at 2 = 
4.26
o
, corresponding to a d(001)-spacing of 20.72 Å . The slightly reduced d(001)-spacing indicates 
that –planar distance might be shortened, which is beneficial to charge transport. Interestingly, an 
additional broad peak is observed at about 2 = 21.30o, corresponding to a d-spacing of ~4.20 Å  (red 
line in Figure 3.5.6). This can be assigned to either the (005) peak of the primary crystalline phase or 
the formation of another polymorph in the annealed film. The presence of the smaller d-spacing value 
suggests the strong intermolecular interaction forces between fused ring moieties (DPP) and the 
thiophene segments comprising the deprotected-PTDPP backbone. 
 
Figure 3.5.6 XRD data obtained from drop-cast BOC-PTDPP thin films before (black) and after (red) 
thermal cleavage for 30 min at 200
o
C. 
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Figure 3.5.7 DFT-optimized geometries and charge-density isosurfaces for the HOMO and LUMO 
levels and the top views of PTDPP polymer with (a) and without (b) t-BOC groups. 
 
DFT electronic structure calculation 
To provide an insight into the different molecular architecture of the polymers, molecular simulation 
was carried out for BOC-PTDPP and deprotected-PTDPP with a chain length of n = 1 using density 
functional theory (DFT) at the B3LYP/6-31G* with Gaussian 03 package (Figure 3.5.7). Dihedral 
angles between thiophene and DPP are susceptible to the substituents on the N-atoms of the DPP units. 
Thereby, the dihedral angle in BOC-PTDPP is 18
o
, whereas in the case of the deprotected-PTDPP, the 
completely planar conformation is observed. This implies that the deprotected-PTDPP can be easily 
stacked through – interactions of the layers of molecules. The calculation results are in 
considerable coincidence with those of XRD analysis. The HOMO and LUMO orbitals of the 
deprotected-PTDPP are further well-delocalized due to the absence of the substituents on the DPP 
units. In particular, it is noteworthy that the LUMO orbitals of the deprotected-PTDPP are far more 
delocalized compared with BOC-PTDPP, indicating that n-channel behavior may be facilitated after 
the thermolysis. Thus, it is clear that t-BOC groups on DPP can be used as a tuning means to control 
the torsional angle and, therefore, to control the electronic and optical properties of the polymer. 
 
HOMO
LUMO
HOMO
LUMO
Top view
72o
Top view
(a) (b)
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Figure 3.5.8 Tapping mode AFM images of drop-cast (a),(b) and solution-shear-processed (c),(d) 
BOC-PTDPP thin films before (a),(c) and after (b),(d) thermal cleavage for 30 min at 200
o
C. 
 
  Therefore, we turned our attention to alignment techniques such as solution-shearing process 
because the BOC-PTDPP thin films prepared through this method would stimulate the preferential 
intermolecular hydrogen-bonding network after thermal treatment, on account of aligned nature of 
molecular orientations in the organic thin films. To test the hypothesis, the BOC-PTDPP film 
morphologies were first studied by tapping mode atomic force microscopy (AFM), as shown in Figure 
3.5.8. The as-cast thin film before thermal treatment shows a uniform surface with very fine grains. 
Notably, the polymer thin film thermally cleaved at 200
o
C is still composed of clustered non-fibrillar 
structures with small grains, but a very few pinhole-like voids appear on the grains due to the 
vaporization of t-BOC groups on the surface during the thermolysis. On the other hand, when the 
solution-shearing technique is applied, the BOC-PTDPP thin film reveals a completely-different 
morphology in which an array of unidirectional valleys is observed. This suggests that the solution-
shearing can impact the molecular packing and orientation of the polymer chains, in addition to the 
small molecule semiconductors. The modified polymer chain networks, which are the result of the 
harmonized effects of the solution-shearing technique and the hydrogen-bonding in the deprotected-
PTDPP would form highly efficient pathways for charge carrier transport along the elongated and 
aligned grains in the polymer film. 
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OFET performance 
OFET devices based on BOC-PTDPP thin films were prepared in top-contact bottom-gate geometry 
by either drop-casting or solution-shearing in chlorobenzene solution onto n-
octadecyltrimethoxysilane (OTS)-treated SiO2/Si substrates. The films were annealed on a hot plate at 
200°C for 30 min in a nitrogen atmosphere. The OFET properties of BOC-PTDPP thin films are 
summarized in Table 3.5.2. Figure 3.5.9 exhibits the typical ambipolar characteristics of OFETs based 
on the solution-sheared BOC-PTDPP thin films with gold electrodes. The V-shape transfer 
characteristics are clearly observed in hole-enhancement (VDS = −100V) and electron-enhancement 
(VDS = 100V) mode operations. This is consistent with the prediction from the empirical LUMO 
window (−3.1 to −3.8 eV) for ambipolar organic semiconductors with gold contacts.
266, 342, 343
 The 
BOC-PTDPP exhibits the maximum hole and electron mobilities of 1.32  10-2 and 2.63  10-3 cm2V-
1
s
-1
, respectively. The hole mobility in the BOC-PTDPP is about one order of magnitude higher than 
the electron mobility, which may result from the larger injection barrier for electrons with regard to 
the gold contacts.  
 
Table 3.5.2 OFET properties of BOC-PTDPP thin film with gold electrodes
a 
Condition 
p-type n-type 
μh,max 
[cm2V-1s-1] 
μh,avg 
[cm2V-1s-1] 
Ion/Ioff 
VTh 
[V] 
μe,max 
[cm2V-1s-1] 
μe,avg 
[cm2V-1s-1] 
Ion/Ioff 
VTh 
[V] 
Solution 
shearing 
without 
annealing 
1.32ⅹ10-2 1.28ⅹ10-2 2.09ⅹ105 -25.00 2.63ⅹ10-3 2.43ⅹ10-3 1.64ⅹ101 60.69 
thermal 
cleavage 
4.30ⅹ10-3 2.45ⅹ10-3 2.64ⅹ104 -50.39 4.60ⅹ10-2 2.56ⅹ10-2 6.01ⅹ105 57.56 
Drop 
casting 
without 
annealing 
2.59ⅹ10-3 2.57ⅹ10-3 3.22ⅹ104 -19.69 7.78ⅹ10-4 7.27ⅹ10-4 4.78ⅹ102 71.46 
thermal 
cleavage 
1.61ⅹ10-3 1.37ⅹ10-3 1.18ⅹ107 -33.43 1.63ⅹ10-2 1.45ⅹ10-2 3.40ⅹ104 44.90 
aThe OFET mobilities reported in this table are averages of the devices (L = 50 μm and W = 1000 μm), and the 
characteristics of ambipolar BOC-PTDPP FETs are measured under p-type operation (VDS = -100V) and n-type operation 
(VDS = 100V). 
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Figure 3.5.9 Transfer and output characteristics of OFET devices based on solution-sheared BOC-
PTDPP thin films with gold electrodes. The BOC-PTDPP ambipolar transistor operating in (a) hole-
enhancement and (b) electron-enhancement mode before thermal cleavage. Results of the thin films (c) 
hole-enhancement and (d) electron-enhancement mode after thermal cleavage at 200
o
C (|VDS| = 100V). 
 
  In general, more densely packed polymer –planar backbones after thermal cleavage facilitate the 
charge transport of both hole and electron. Interestingly, however, after thermal cleavage of the t-BOC 
groups at 200
o
C, the magnitude of hole and electron mobilities is switched: hole mobility of 4.30  
10
-3 
cm
2
V
-1
s
-1 
and electron mobility of 4.60  10-2 cm2V-1s-1. In other words, hole mobility decreases 
by about one order of magnitude, while electron mobility increases after thermal cleavage of the t-
BOC groups. The inversion of dominant polarity in ambipolar PTDPP OFETs may arise from several 
factors. First, as can be seen from DFT calculation, the LUMO orbitals of the deprotected PTDPP 
become far more delocalized compared to the BOC-PTDPP, which is profitable to n-channel 
conduction. On the other hand, the enhancement in the delocalization of the HOMO orbitals is not as 
high as the LUMO orbitals. Second, the downshift of the HOMO-LUMO energy levels for BOC-
PTDPP after thermal treatment may decrease the injection barrier for electrons, while relatively 
increasing the injection barrier for holes. Third, we cannot rule out that the removal of nonconjugated 
t-BOC groups that can act as electron traps facilitates electron transport.  
  The solution-sheared BOC-PTDPP polymer thin films exhibits about one order of magnitude higher 
mobilities, compared with drop-cast films (Figure 3.5.10), which is a typical trend for small-molecule 
organic semiconductors.
274, 275, 339
 In addition to the aligned nature and strained lattice of solution-
shearing, deprotected-PTDPP polymer thin films can form the hydrogen-bonded network along the 
polymer backbone, allowing an efficient charge transport, which is also confirmed by the results of 
FT-IR analysis. The same trend in the inversion of dominant polarity by thermal cleavage is also 
observed for BOC-PTDPP OFETs with aluminum electrodes (Table 3.5.3 and Figure 3.5.10). 
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Table 3.5.3 OFET properties of BOC-PTDPP thin film with aluminum electrodes
a 
Condition 
p-type n-type 
μh,max 
[cm2V-1s-1] 
μh,avg 
[cm2V-1s-1] 
Ion/Ioff 
VTh 
[V] 
μe,max 
[cm2V-1s-1] 
μe,avg 
[cm2V-1s-1] 
Ion/Ioff 
VTh 
[V] 
Solution-
shearing 
without 
annealing 
3.07ⅹ10-2 2.85ⅹ10-2 1.35ⅹ105 -69.54 2.95ⅹ10-3 2.70ⅹ10-3 2.24ⅹ104 67.54 
thermal 
cleavage 
3.05ⅹ10-3 2.45ⅹ10-3 1.07ⅹ103 -47.17 4.47ⅹ10-2 4.37ⅹ10-2 1.97ⅹ104 66.50 
Drop casting 
without 
annealing 
1.06ⅹ10-3 1.00ⅹ10-3 9.66ⅹ104 -79.19 6.53ⅹ10-4 5.79ⅹ10-4 2.07ⅹ104 67.41 
thermal 
cleavage 
4.89ⅹ10-3 4.75ⅹ10-3 2.16ⅹ104 -71.99 1.59ⅹ10-2 1.53ⅹ10-2 6.30ⅹ105 65.40 
aThe OFET mobilities reported in this table are averages of the devices (L = 50 μm and W = 1000 μm), and the 
characteristics of ambipolar 
 
 
Figure 3.5.10 Transfer and output characteristics of OFET devices based on solution-sheared BOC-
PTDPP thin films with aluminum electrodes after thermal cleavage at 200
o
C. The BOC-PTDPP 
ambipolar transistor operating in (a) hole-enhancement and (b) electron-enhancement mode (|VDS| = 
100V). 
 
  We applied two identical ambipolar transistors to CMOS-like inverters with a common gate as the 
input voltage (VIN). Although the characteristics were measured in air with the lack of optimization, 
the inverter operated well with the maximum gain of ~10 (Figure 3.5.11), which is comparable to that 
of state-of-the-art CMOS-like inverters based on two-component organic semiconductors.
167, 344
 The 
successful implementation of an inverter with BOC-PTDPP highlights the promise of the DPP family 
of polymers in CMOS-like logic applications since the devices based on thermally deprotectable 
materials should be possible to give rise to better operational stability in the ambient atmosphere for a 
long period. 
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Figure 3.5.11 Inverter characteristics of ambipolar BOC-PTDPP in air. The gain of inverter is ~10 at a 
constant supply bias, VDD = 100V. The channel length and width are 50 and 1000 μm, respectively. 
 
3.5.3 Conclusions 
In summary, we have synthesized a thermocleavable narrow bandgap polymer based on 
diketopyrrolopyrrole (DPP) bearing tert-butoxycarbonyl (t-BOC) and alkyl groups (BOC-PTDPP). 
The BOC-PTDPP precursor is soluble in common organic solvents and can be conveniently fabricated 
into films. By utilizing t-BOC thermolysis at ~200
o
C, the BOC-PTDPP films are directly converted to 
the deprotected-PTDPP films that can potentially possess a hydrogen-bonded network, supported by 
FT-IR spectral changes and XRD analysis. Solution-shearing technique in this study is used to 
facilitate the strong interlayer interactions through the proper alignment of the BOC-PTDPP films. 
The ambipolar performance with dominant p-type conduction is observed from solution-sheared 
BOC-PTDPP (h = 1.32  10
-2 
cm
2
V
-1
s
-1
; e = 2.63  10
-3 
cm
2
V
-1
s
-1
). Very interestingly, after thermal 
cleavage at 200
o
C, the dominant polarity of the ambipolar OFETs is switched (h = 4.30  10
-3 
cm
2
V
-
1
s
-1
; e = 4.60  10
-2 
cm
2
V
-1
s
-1
). This can arise from the far more delocalized LUMO orbitals, the lower 
injection barriers for electrons, and the removal of t-BOC groups that can act as electron traps. The 
inverter constructed with the combination of two identical BOC-PTDPP OFETs exhibits a gain of ~10. 
The thermocleavable DPP-containing ambipolar polymer in harmony with solution-shearing method 
would become potentially useful for high-throughput, roll-to-roll manufacturing of low-cost OFET 
circuits and arrays for a wide range of practical electronic applications. 
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Chapter 4 Investigation on polymerization methodologies 
 
4.1 Fluoride-mediated Suzuki polymerization: Siloxane-based hybrid semiconducting polymers 
prepared by fluoride-mediated Suzuki polymerization 
 
Adapted from ref. #345 with permission from Wiley
345
 
 
4.1.1 Research background and motivation for the work 
Integration of organic and inorganic species, commonly referred to as hybridization, is of interest for 
the production of novel functional materials since the co-existence of these species in a single 
component is expected to induce cooperative and synergistic effects.
346-353
 Siloxane units (SiR2O, R 
= usually alkyl groups) composed of an inorganic silicon-oxygen backbone (SiOSi) with organic 
substituents bound to the silicon atoms are the most widely studied frameworks for hybrid 
materials.
354
 Due to their physicochemical properties (e.g., high thermal and weather stability), 
siloxane-based compounds have been used in a wide range of applications.
318, 355-357
 Another unique 
structural feature derived from the significantly longer bond length and larger bond angle of the 
SiOSi skeleton is an increased flexibility of the siloxane chains.318 Taking this flexibility into 
account, the siloxane-terminated hybrid side chains were introduced into rigid –conjugated polymers 
as solubilizing groups, which revealed that this approach could be used to improve charge-transport 
efficacy while providing good solubilizing capabilities.
109, 120, 199, 200
 Although the siloxane-based 
hybrid side chains provide a diverse combination of solubilizing ability and impact on crystal packing 
to create high quality semiconducting polymers, they are incompatible with the traditional Suzuki 
polymerization accompanied by a base, hence limiting their practical applications. Herein, we report 
the first synthesis of a poly(diketopyrrolopyrrole-alt-benzothiadiazole) (PDPPBT-Si) with the hybrid 
siloxane-solubilizing groups via a base-free Suzuki polymerization. In this report, we discuss the 
structureproperty relationship of PDPPBT-Si with the organic field-effect transistor (OFET) 
properties, electronic structure, and ordering structure. Our study expands the synthetic methods 
available for the synthesis of various hybrid chromophoric building blocks based on siloxane units.  
 
4.1.2 Results and discussion 
Based on previous reports,
199, 200, 245
 starting with DPP, olefinic alkyl side chains were introduced into 
the DPP core via a base-promoted N-alkylation followed by the hydrosilylation of the terminal alkene 
using 1,1,1,3,5,5,5-heptamethyltrisiloxane in the presence of Karstedt catalyst and N-
bromosuccinimide (NBS)-mediated dibromination in chloroform, yielding highly soluble DPP 
monomer (1) with siloxane-terminated solubilizing chains. (CAUTION) A series of brominations 
performed overnight did not provide satisfactory yields (<30%), but a shorter reaction time (~2 h) 
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generated relatively high yields (>70%). After collecting the desired compound 1 as the first fraction 
to elute from column chromatography, the second fraction in which the integral of the resonances at  
−0.02–0.08 ppm assigned to the methyl protons in the siloxane groups was considerably smaller than 
the theoretical integration value based on 
1
H NMR (see Figure 4.1.1). 
 
Figure 4.1.1 
1
H NMR spectra of (a) the first fraction as the compound 1 and (b) the second fraction 
after NBS-mediated dibromination in chloroform, recorded in CDCl3 at room temperature. 
 
Based on this result, the siloxane units may not be stable under the free-radical bromination, although 
the reason for this remains unclear. In our initial screening experiments, the standard Suzuki 
polycondensation with 1 and 4,7-diboronicester-2,1,3-benzothiadiazole (2) was performed in the 
Hb Ha
Ha
Hb
Ha + Hb
(a)
(b)
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presence of either Pd(PPh3)4 or Pd2(dba)3/P(o-tolyl)3 as a catalyst system in a mixture of toluene and 
basic aqueous solution (K2CO3 or K3PO4), as shown in Scheme 4.1.1. However, we did not obtain a 
polymeric solid in which large amounts of both unreacted monomers were recovered, even when a 
microwave-assisted heating protocol was applied (Table 4.1.1).  
 
 
Table 4.1.1 Synthetic conditions and characteristics of PDPPBT-Si obtained from base-free 
Suzuki polymerization 
Entrya Catalyst systemb Salt (equiv.)c Solvent (mL) 
Heating 
/Temp.[oC] 
Time [h] Mn [kDa]
d PDId 
1 Pd(PPh3)4 K2CO3 (10) 
toluene (4) 
/water (2) 
conventional/ 
120 or W/120 
6 or 24 e e 
2b 
Pd2(dba)3 
/P(o-tolyl)3 
K3PO4 (5) 
toluene (4) 
/water (2) 
conventional/ 
120 or W/120 
6 or 24 e e 
3 Pd(PPh3)4 CsF (4) toluene (4) 
conventional/ 
120 
6 14.9 1.53 
4 Pd(PPh3)4 CsF (4) toluene (4) 
conventional/ 
120 
12 18.1 2.21 
5 Pd(PPh3)4 CsF (4) toluene (4) 
conventional/ 
120 
24 f f 
6 Pd(PPh3)4 CsF (4)
 DME (4) 
conventional/ 
120 
6 9.43 1.69 
7 Pd(PPh3)4 CsF (4) DME (4) 
conventional/ 
120 
12 17.2 1.77 
8 Pd(PPh3)4 CsF (4) DME (4) 
conventional/ 
120 
24 22.7 4.02 
9 Pd(PPh3)4 CsF (4) toluene (2) W/120 2 5.3 2.30 
10 Pd(PPh3)4 CsF (4) toluene (4) W/150 3 20.4 1.86 
11 Pd(PPh3)4 CsF (4) toluene (4) W/150 6 
f f 
12 Pd(PPh3)4 CsF (4) 
toluene (1) 
/DME (1) 
W/120 2 4.7 2.29 
13 Pd(PPh3)4 TBAF (4) DME (2) W/120 2 n.d.
g n.d.g 
14 Pd(PPh3)4 CsF (4) DME (4) W/90 1 14.9 1.59 
15 Pd(PPh3)4 CsF (4) DME (4) W/90 2 
f f 
16 Pd(PPh3)4 CsF (4) DME (4) W/120 1 
f f 
17 Pd(PPh3)4 CsF (4) DME (4) W/120 2 
f f 
aUnless otherwise specified, the Suzuki polymerization was carried out with 0.048 mmol of 1, 0.048 mmol of 2, and 5 
mol% of Pd catalyst. bP(o-tolyl)3 as the ligand (20 mol%) was added. 
cEquivalents relative to the monomer 1. dEstimated 
value from gel-permeation chromatography (GPC) measurements using THF as the solvent and calibrated with 
polystyrene as standard. eNo polymerization reaction occurred. fNo characterization was made on these materials due to 
their insolubility in organic solvents. gNot determined because of the poor yield after precipitation and extraction. Mn = 
number-average molecular weight, PDI = polydispersity index, DME = 1,2-dimethoxyethane, CsF = cesium fluoride, 
TBAF = tetrabutylammonium fluoride. 
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Scheme 4.1.1 PDPPBT-Si preparation by Suzuki polymerization 
 
  We hypothesized that this might have been caused by an incompatibility between the siloxane 
functional groups and the base required for the transmetalation in the Suzuki-coupling mechanism, 
based on our previous experience with the synthesis of various DPP-based polymers using hybrid 
siloxane side chains via the conventional Stille polycondensation, in which the basic reagent was not 
used.
199, 200, 245
 It was previously reported that fluoride salts (e.g., cesium fluoride (CsF) and 
tetrabutylammonium fluoride (TBAF)) activate Pd-transmetalation during Suzuki coupling for small 
molecule synthesis under essentially non-basic conditions.
358, 359
 This method was successfully applied 
to Suzuki polycondensation of polyfluorene containing base-sensitive functionalities.
360
 
  Based on these findings, we examined the Suzuki polymerization of dibromide 1 and diboronic 
ester 2 under various conditions (catalyst system, solvent, temperature, reaction time, and heating 
protocol) with fluoride salts, as illustrated in Scheme 4.1.1 and Table 4.1.1. The first variable tested 
was the reaction time and solvent system under conventional and microwave irradiation heating, 
respectively, in which four equivalents of CsF were chosen based on a previously reported 
optimization of fluoride-mediated polymerization. 
  Soluble PDPPBT-Si polymers with the hybrid siloxane substituents were successfully obtained 
using both microwave and thermal heating, although a shorter reaction time was required when using 
microwave irradiation. The molecular weights of the polymer increased with increasing reaction time. 
In addition, the solvent system used for the polymerization did not affect the molecular weights, but 
the optimal reaction time depended on the solvents and heating methods. Note that exceeding the 
optimal time in each case resulted in a solvent-swollen gel, providing only insoluble products. Further 
examination of the microwave-assisted Suzuki polymerization was performed under different reaction 
conditions; e.g., different temperatures, the binary solvent mixture, and replacement of CsF with 
TBAF. The full set of reactions is provided in Table 4.1.1. The use of CsF/DME at 120°C by 
conventional heating for 24 h was optimum in terms of the molecular weights generated (Table 4.1.1, 
entry 8). Although further optimization of system-specific reactions may produce PDPPBT-Si with 
higher molecular weights, our screening study is the first step toward base-free Suzuki coupling for 
siloxane-containing semiconducting polymers, which will allow for the synthesis of a wide variety of 
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conjugated blocks with siloxane units. The PDPPBT-Si solution in chloroform displayed strong board 
absorption from 380 to 1000 nm. Transitioning from the solution to the solid state resulted in a 
bathochromic shift in the absorption onset of 32 nm, resulting in an optical bandgap of  1.21 eV 
(Figure 4.1.2a). This suggests that a certain degree of packing is formed in the solid state. Using the 
cyclic voltammetry, we predicted the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) levels of the PDPPBT-Si film to be −5.07 eV and −3.56 eV, 
respectively (Figure 4.1.2b). 
 
 
Figure 4.1.2 (a) UV-vis-NIR absorption spectra of PDPPBT-Si in chloroform solution and as thin film. 
(b) Cyclic voltammogram of PDPPBT-Si thin film on glassy carbon electrode in 0.1 M 
Bu4NPF6/CH3CN at a scan rate of 50 mVs
-1
. 
 
 
Figure 4.1.3 Microstructure analysis of drop-cast PDPPBT-Si films annealed at 220°C. (a) Tapping-
mode AFM height (left) and phase (right) images. (b) 2D-GIXD image and its 1D-GIXD profiles of (c) 
in-plane and (d) out-of-plane directions. 
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Figure 4.1.4 Microstructure analysis of as-cast PDPPBT-Si drop-cast film. (a) Tapping-mode AFM 
height (left) and phase (right) images. (b) 2D-GIXD image and its 1D-GIXD profiles of (c) in-plane 
and (d) out-of-plane directions. 
 
Table 4.1.2 Crystallographic parameters for PDPPBT-Si films 
Ta 
[oC] 
Lamellar spacing π−π spacing 
qxy  
[Å -1] 
d [Å ] 
FWHM 
[Å -1] 
Lc  
[Å ] 
qz  
[Å -1] 
d [Å ] 
FWHM 
[Å -1] 
Lc  
[Å ] 
qxy [Å
-
1] 
d 
[Å ] 
qz 
[Å -1] 
d 
[Å ] 
0 0.245 25.6 0.024 235.7 0.258 24.4 0.045 124.7 1.734 3.6 1.740 3.6 
220 0.246 25.5 0.021 269.3 0.263 23.9 0.039 145.5 1.737 3.6 1.749 3.6 
 
  The morphological and microstructural features of the PDPPBT-Si films were studied using 
tapping-mode atomic force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD) 
analyses. PDPPBT-Si films were prepared by drop-casting from a hot chlorobenzene solution (2 
mgmL
−1
) onto n-octadecyltrimethoxysilane (OTS)-modified SiO2/Si substrates, followed by annealing 
at an optimal temperature of 220C in a nitrogen atmosphere. As shown in Figure 4.1.3a, the annealed 
film formed nanofibrillar networks with denser aggregates of ~100 nm than the as-cast films due to 
the thermally induced strong intermolecular interactions (Figure 4.1.4). Moreover, an obvious 
reduction in surface roughness was observed in the annealed film (RMS roughness changed from 4.76 
to 3.95 nm after annealing), which leads to better contacts with electrodes on the smooth polymer film. 
Figures 4.1.3b-d shows the 2D-GIXD image and the corresponding diffractogram profiles of the 
polymer film. PDPPBT-Si displayed well-defined lamellar peaks up to the third order along both the 
qxy and qz axes, indicative of bimodal orientations of edge-on and face-on domains. The lamellar 
distance and coherence length of the (100) order peak were 25.5/23.9 Å  and 269.3/145.5 Å  for the in-
plane and out-of-plane direction, respectively (Table 4.1.2). The comparison of the number of layers 
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(10.6 and 6.1 layers for in-plane and out-of-plane directions, respectively) estimated based on the ratio 
of Lc(100)/d(100) revealed relatively ordered edge-on lamellae. Additionally, a strong peak was observed 
at qz = ~1.7 Å
−1
, corresponding to
 π−π stacking with face-on orientations (π−stack distance of ~3.6 Å ), 
which resulted from the introduction of siloxane-terminated hybrid side-chains.
120, 199, 200
 This suggests 
that PDPPBT-Si film adopts 3-D conduction channels that enhance charge transport with efficient π−π 
planes in both parallel and perpendicular orientations.
273, 293, 294
 On the other hand, the positive effect 
of the thermal annealing for the crystalline nature of the film was demonstrated based on the enhanced 
crystalline microstructure compared with the as-cast films (Figure 4.1.4).  
 
  
Figure 4.1.5 Schematic diagram of solution-processed PDPPBT-Si FETs and their typical electrical 
characteristics after annealing at 220
o
C. (a) Schematic illustration of the bottom-gate/top-contact 
OFET structure with gold electrodes (L = 50 μm and W = 1000 μm). Transfer characteristics at (b) 
hole- and (c) electron-enhancement operation with VDS = −100 and +100V, respectively. Output 
characteristics at (d) p- and (e) n-channel operation. (f) CMOS-like inverter characteristics at VDD = 
100 V (Inset: Schematic of the complementary inverter structure). 
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Figure 4.1.6 Transfer characteristics for as-cast PDPPBT-Si drop-cast films at (a) hole- and (b) 
electron-enhancement operation with VDS = −100 and +100 V, respectively. Output characteristics for 
as-cast PDPPBT-Si films at (c) p- and (d) n-channel operation. 
 
Table 4.1.3 OFET performance of PDPPBT-Si films
a 
Ta 
[oC] 
p-channel n-channel 
μh,max
b 
[cm2V−1 s−1] 
μh,avg
c 
[cm2V−1 s−1] 
Ion/Ioff 
VT 
[V] 
μe,max 
[cm2V−1 s−1] 
μe,avg 
[cm2V−1 s−1] 
Ion/Ioff 
VT 
[V] 
0 0.06 
0.03 
(±0.02)d 
2.9×105 -10.6 0.06 
0.02 
(±0.03) 
1.8×103 73.2 
220 0.18 
0.12 
(±0.03) 
2.7×106 -9.3 0.13 
0.06 
(±0.03) 
2.0×104 72.9 
aThe FET performance of more than 10 devices was tested in nitrogen atmosphere. bThe maximum and caverage mobility of 
the FET devices (L = 50 μm and W = 1000 μm). dThe standard deviation. 
 
  To investigate the charge transport properties of PDPPBT-Si, bottom-gate top-contact FETs were 
fabricated on OTS-modified SiO2/Si substrates, as depicted in Figure 4.1.5a. PDPPBT-Si exhibited 
ambipolar field-effect behaviors, as observed in the DPPBT polymer systems. Figures 4.1.5b-e show 
the representative I–V characteristics of the optimized FETs annealed at 220C (Figure 4.1.6). The 
annealed PDPPBT-Si films exhibited well-balanced ambipolar charge transport with the maximum 
hole and electron mobilities of 0.18 and 0.13 cm
2
V
−1
s
−1
, respectively, even though the asymmetry in 
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threshold voltages resulted from the larger injection barriers for electrons with respect to the gold 
contacts. The results can be comparable with those of the highly optimized previous DPPBT-based 
OFETs.
139, 148, 361
 Complementary metal–oxide–semiconductor (CMOS)-like inverter characteristics of 
PDPPBT-Si were tested by connecting two identical ambipolar transistors, which exhibited a high 
gain of 70.1 (Figure 4.1.5f).  
 
Scheme 4.1.2 PDPP3T-Si and PDPP4T-Si preparation by Stille and base-free Suzuki polymerization, 
respectively 
 
  To further explore the great versatility of this method, we prepared DPP-thiophene polymers with 
siloxane groups (PDPP3T-Si and PDPP4T-Si) in which 1 was copolymerized with the diboronic ester 
monomers (thiophene or dithiophene) under the optimized condition, respectively (Scheme 4.1.2). 
Furthermore, for a fair comparison correlating the base-free Suzuki and Stille polymerizations, these 
polymers were also prepared from conventional Stille coupling (Table 4.1.4). Both polymerizations 
produced polymers with similar molecular weights (21.734.2 kDa), suggesting that our methodology 
is highly complementary to the preparation of various siloxane-based hybrid polymers. All detailed 
polymerization procedures are presented in chapter 6. The polymers obtained from the base-free 
Suzuki coupling were used to fabricate OFETs and hole mobility as high as 1.29 cm
2
V
-1
s
-1
 was 
observed from PDPP3T-Si (Figure 4.1.7). Note that the maximum mobilities of the DPP-thiophene 
polymers synthesized by base-free Suzuki-coupling method are comparable to the corresponding 
values obtained in each polymer prepared via Stille-type coupling (see Figures 4.1.7a−d).  
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Table 4.1.4 Synthetic conditions and characteristics of PDPP3T-Si and PDPP4T-Si obtained from 
base-free Suzuki and Stille polymerizations 
Entrya 
Catalyst 
systemb 
Salt 
(equiv.)c 
Solvent 
(mL) 
Heating 
/Temp.[oC] 
Time 
Mn 
[kDa]d 
PDId 
PDPP3T-
Si 
Suzuki Pd(PPh3)4 
CsF 
(8) 
DME 
(8) 
conventional/ 
90 
6 h 21.7d 1.15d 
CsF 
(4) 
DME 
(5) 
W/90 8 h 34.2d 1.85d 
Stille 
Pd2(dba)3 
/P(o-tolyl)3 
- 
toluene 
(4) 
conventional/ 
120 
1 h 32.9d 2.13d 
W/120 1 min 24.5d 2.50d 
PDPP4T-
Si 
Suzuki Pd(PPh3)4 
CsF 
(8) 
DME 
(8) 
conventional/ 
90 
6 h 6.8d 3.03d 
CsF 
(4) 
DME 
(5) 
W/90 5 h 3.1d 1.95 d 
Stille 
Pd2(dba)3 
/P(o-tolyl)3 
- 
toluene 
(4) 
conventional/ 
120 
1 h 5.8d 1.81d 
W/120 1 min 6.0d 1.64d 
aUnless otherwise specified, the Suzuki polymerization was carried out with 0.24 mmol of 1, 0.24 mmol of 2,5-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene or 5,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2-bithiophene, 3 
mol% of Pd catalyst. b3 mol% of Pd catalyst and P(o-tolyl)3 as the ligand (12 mol%) was added. 
cEquivalents relative to the 
monomer 1. dEstimated value from gel-permeation chromatography (GPC) measurements using THF as the solvent and 
calibrated with polystyrene as standard. eEstimated value from gel-permeation chromatography (GPC) measurements using 
1,2,4-trichlorobenzene at 150oC as the solvent and calibrated with polystyrene as standard. Mn = number-average molecular 
weight, PDI = polydispersity index, DME = 1,2-dimethoxyethane, CsF = cesium fluoride. 
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Figure 4.1.7 Transfer characteristics of OFETs based on DPP-thiophene polymer thin films after 
annealing at 250
o
C; PDPP3T-Si and PDPP4T-Si were prepared by base-free Suzuki (a, b) and Stille (c, 
d) polymerizations, respectively. The polymer films were prepared by drop-casting a chlorobenzene 
solution of 2 mgmL
−1 
on OTS-modified SiO2/Si substrates. 
 
4.1.3 Conclusion 
In summary, we utilized base-free Suzuki polymerization by replacing a Brønsted base with fluoride 
salts to synthesize semiconducting polymers with the hybrid siloxane-solubilizing groups, examined 
its scope, and optimized reaction conditions for the preparation of high molecular weights. This 
method allows a solution-processable PDPPBT-Si polymer with an acceptable molecular weight of 
22.7 kDa. Not only does the PDPPBT-Si film form 3-D conduction structures that can be accounted 
for by the strong π−π stacking in both parallel and perpendicular orientations but also its OFET 
device shows well-balanced ambipolar characteristics (hole = 0.18 cm
2
V
−1
s
−1 
and electron = 0.13 
cm
2
V
−1
s
−1
). To demonstrate its versatility and efficacy, we also synthesized DPP-thiophene polymers 
(PDPP3T-Si and PDPP4T-Si) via fluoride-mediated Suzuki coupling, yielding high hole mobility of 
up to 1.29 cm
2
V
-1
s
-1
 in OFET devices based on PDPP3T-Si.  Although our understanding of the 
synthetic mechanism is limited, the chemistry described herein provides a novel approach to the 
development of numerous hybrid semiconductors with siloxane functional moieties that endow highly 
desirable and diverse properties. 
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Chapter 5 Small molecule-based semiconductors for organic solar cells 
 
5.1. Diketopyrrolopyrrole (DPP)-based small molecules: Toward the realization of practical 
diketopyrrolopyrrole-based small molecule for improved efficiency in ternary BHJ solar cells 
 
Adapted from ref. #362 with permission from Wiley
362
 
 
5.1.1 Research background and motivation for the work 
Since the discovery of efficient charge transfer through the bi-continuous pathways between a 
conjugated polymer and fullerene,
83
 bulk-heterojunction (BHJ) devices containing regioregular 
poly(3-hexylthiophene) (rr-P3HT) as a donor and (6,6)-phenyl C61-butyric acid methyl ester (PCBM) 
as an acceptor have been widely investigated and represent the most efficient polymeric solar cell 
(PSC) structure, approaching power conversion efficiency (PCE) of 4−5%.95, 96, 363, 364 One of the 
saliently critical features in BHJ solar cells based on P3HT:PCBM is their sensitivity to the 
perturbation in morphology induced by various factors such as processing additives,
365
 solvent 
annealing,
95, 366
 and thermal annealing.
96, 365
 These choices affect the complex correlations between 
various parameters that govern phase separation.
45, 367, 368
 Recently, we have demonstrated that the use 
of a diblock copolymer as an additive can play a critical role in tuning the phase segregation.
369
 As 
another novel approach, Chu and co-workers
370
 have applied a small molecule (TQTFA) to form a 
ternary cascade structure in the BHJ solar cells, resulting in about 15% increase in PCE, when 
compared to a pristine P3HT:PCBM device. However, tedious synthetic methodologies towards both 
the diblock copolymer and the TQTFA have restricted the realization for their usage in BHJ devices. 
  In this regard, we paid our attention to 3,6-dithien-2-yl-2,5-dialkylpyrrolo[3,4-c]pyrrole-1,4-dione 
(DTDPP)-based pigments as additives within the BHJ active layer of which the fundamental strategies 
are based on the following: (i) DTDPP derivatives show outstanding performance in both OPVs and 
OFETs.
138, 139, 148, 152, 154, 253, 371
 Of particular interest is their ambipolar transport with nearly balanced 
electron and hole mobilities,
139, 148, 152
 which is possible to inject both holes and electrons efficiently at 
the interfaces in BHJ binary blends but also to avoid the charge trapping in themselves. (ii) DTDPP 
motif is synthesized in a single step from commercially inexpensive compounds and easily modified 
to tailor its optoelectronic properties. This is important since the barrier for preparation of materials in 
terms of the cost effectiveness must be overcome to realize the commercial potential of solar cells. 
Herein, we have designed and synthesised DTDPP-cored small molecule comprising electron-rich 
dimethylphenlyamine (DMPA) moieties, namely 3,6-di(5-(4-(dimethylamino)phenyl)thien-2-yl)-2,5-
di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (DMPA-DTDPP) to combine its pseudo three-
dimensionality with the bulky side chains in the main backbone to benefit from its the amorphous 
structure and suppress aggreagation in moleucles containing it. Furthermore, based on the donor (D)-
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acceptor (A) architecture, its energy levels can meet the energetic requirement of the cascaded energy 
levels of P3HT and PCBM. We demonstrate how the use of this molecule in P3HT:PCBM blends can 
lead to a substantial improvement in efficiency in ternary BHJ solar cells.  
 
5.1.2 Results and discussion 
The synthetic route to DMPA-DTDPP is outlined in Scheme 5.1.1. Compounds 1, 2, 3, and 4 were 
prepared in moderate to good isolated yields according to the established methods.
123, 372
 Suzuki 
coupling reaction of 3,6-di(5-bromothien-2-yl)-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-
dione (3) and N,N-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-phenylamine (4) in the 
presence of a catalytic amount of Pd(PPh3)4, in toluene at 95
o
C for 24h afforded DMPA-DTDPP 
(52%). Figure 5.1.1a illustrates the UV-vis absorption spectra of P3HT, PCBM, and DMPA-DTDPP 
on thin films. DMPA-DTDPP displays two wide-ranging bands at 300−485 nm and 525−735 nm. The 
optical HOMO-LUMO energy gap (Eg) is 1.67 eV, estimated from the onset for DMPA-DTDPP thin 
film. The shorter wavelength absorbance probably stems from DMPA and thiophene units in the arms, 
while the lower energy bands with well-resolved vibronic structure are attributed to the charge 
transfer band from electron-rich DMPA and thiophene units to electron-deficient DPP core. From the 
absorption feature covering practically the whole visible region, we speculated that DMPA-DTDPP 
molecule can effectively harvest the longer wavelength sunlight that P3HT and PCBM can not absorb. 
 
 
Scheme 5.1.1 Synthetic route of DMPA-DTDPP
a
:
 a
Reagents and conditions: (i) 
diisopropylsuccinate/t-C5H11ONa/tert-amyl alcohol/120
o
C, 75%; (ii) 2-
Decyltetradecylbromide/K2CO3/DMF/130
o
C, 55%; (iii) NBS/CHCl3/RT under Ar, 53%; (iv) 
bis(pinacolato)diboron/Pd2(dba)3/PCy3/KOAc, 85%; (v) toluene/2M aq. K2CO3/Pd(PPh3)4, 95°C, 52% 
 
  Cyclic voltammetry (CV) was employed to investigate the redox behavior (Figure 5.1.1b). The 
onset oxidation occurs at 0.7 eV versus Ag/Ag+ for DMPA-DTDPP. According to the empirical 
equation −(E(HOMO)/(LUMO) = −[(E(ox)/(red) − E(ferrocene)) + 4.8] eV), the HOMO energy level is located at 
−5.25 eV and the LUMO level calculated based on the optical band gap is at −3.58 eV, which are 
positioned in an ideal range that lies between those of P3HT and PCBM. The energy diagrams of 
P3HT, PCBM, and DMPA-DTDPP are shown in Figure. 5.1.1. Such cascaded energy levels of P3HT, 
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PCBM, and DMPA-DTDPP prompted us to utilize DMPA-DTDPP as a additive for enhanced 
photocurrent density in a ternary blend system relative to that of the binary blend of P3HT:PCBM. 
 
Figure 5.1.1 (a) Absorption spectra of P3HT, PCBM, and DMPA-DTDPP in film. (b) Cyclic 
voltammograms of DMPA-DTDPP on Pt electrode in 0.1 M n-Bu4NPF6/o-DCB solution. (c) Energy 
level diagrams for P3HT, PCBM, and DMPA-DTDPP. (d) Absorption spectra of P3HT:PCBM (1:0.8 
w/w) blend films wtih various DMPA-DTDPP concentrations (0 wt%, 5 wt%, and 10 wt%). 
 
  The optical absorption spectra for BHJ films comprised of P3HT:PCBM (1:0.8 w/w) with addition 
of various DMPA-DTDPP concentrations (0, 5, 10 wt%, respectively) are shown in Figure 5.1.1d. To 
precisely access the changes of absorption profiles and intensities upon addition of DMPA-DTDPP, 
the almost similar thickness (~100 nm) of the blend films are monitored. There is a broad absorption 
of P3HT:PCBM at around 390−550 nm. As the amount of DMPA-DTDPP is increased in the blend, a 
detectable absorption band at around 675−700 nm, arising from DMPA-DTDPP absorption, is 
observed. Notably, the vibrational band at around 600 nm, which is indicative of the crystallization of 
P3HT,
253
 is clearly observed even in the presence of DMPA-DTDPP, implying that the crystallization 
of P3HT is not disturbed by the addition of DMPA-DTDPP. Interestingly, by adding DMPA-DTDPP 
into the blend mixture, the −* absorption band position no longer changes but only an increase in 
absorbance intensity is observed. However, with the addition of 10% DMPA-DTDPP, the intensity 
apparently decreases. This suggests that the P3HT:PCBM film processed using 5% DMPA-DTDPP is 
optimal.  
  The BHJ solar cells were fabricated with layer-by-layer structure of 
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glass/ITO/PEDOT:PSS/P3HT:PCBM (1:0.8 w/w):DMPA-DTDPP/Al (100 nm). Current density-
voltage (J-V) characteristics and the related parameters of P3HT:PCBM blends with different ratios of 
DMPA-DTDPP are shown under AM 1.5G illumination (100 mW/cm
2
) in Figure 5.1.2a and 
summarized in Table 5.1.1. The P3HT:PCBM device as a standard reference has a short circuit current 
density (Jsc) of 8.27 mA/cm
2
, an open circuit voltage (Voc) of 0.60 V, and a fill factor (FF) of 61%, 
yielding a power conversion (PCE) of 3.02%. The device made using DMPA-DTDPP exhibits 
enhanced Jsc compared to the film without DMPA-DTDPP additive. The best performance is observed 
in the P3HT/PCBM (1:0.8 w/w) cell containing 5% DMPA-DTDPP, which shows a substantially 
improved Jsc of 9.84 mA/cm
2
, whereas the Voc of 0.60 V and the FF of 58% remain similar to those of 
the obtained for the device lacking DMPA-DTDPP. The corresponding PCE is 3.37%, approximately 
12% higher relative to that of the pristine P3HT:PCBM. Such an increase in the Jsc with DMPA-
DTDPP inclusion is a result of increased absorption breadth leading to a rise in the number of 
photogenerated carriers. 
 
Figure 5.1.2 J-V characteristics (a) and IPCE spectra (b) of P3HT:PCBM (1:0.8 w/w) blend films 
with various DMPA-DTDPP concentrations (0 wt%, 5 wt%, and 10 wt%). Inset is a device 
configuration of the ternary blend solar cell. 
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  To address the origin of the increase in Jsc upon the addition of DMPA-DTDPP, we have measured 
the incident photon-to-current efficiency (IPCE) spectra of P3HT:PCBM and P3HT:PCBM:DMPA-
DTDPP devices, respectively. In the IPCE of the ternary blend solar cells, as shown in Figure 5.1.2b, 
the photocurrent peak is not only observed in the wavelength range (400−600nm) of the P3HT 
absorption but also a negligible photocurrent signal centered at 700 nm of the DMPA-DTDPP 
absorption is unveiled. This indicates that the photocurrent in this region is mainly due to the 
generation of excitons due to the absorption of photons by P3HT and their subsequent dissociation 
into free charge carriers at P3HT:PCBM interfaces present in the blend. By adding DMPA-DTDPP, 
the IPCE corresponding to the P3HT absorption (~60% at 450−550 nm) shows higher than that of the 
binary blend controlled device without DMPA-DTDPP (~50%). This suggests that the DMPA-DTDPP 
molecules are not directly involved in the photoabsorption but nonetheless promote charge generation 
from P3HT excitons indirectly. Therefore, one can conclude that the increase in Jsc is mainly due to 
the indirect contribution of DMPA-DTDPP to the improvement in the charge generation from P3HT 
excitons rather than the direct photoabsorption of DMPA-DTDPP chromophores. 
 
Table 5.1.1 Photovoltaic parameters of P3HT:PCBM solar cells with various DMPA-DTDPP 
concentrations (0 wt%, 5 wt%, and 10 wt%) 
Composite DMPA-DTDPP Jsc [mA/cm] Voc [V] FF PCE [%] 
P3HT:PCBM 
(1:0.8 w/w) 
0% 8.27 0.60 0.61 3.02 
5% 9.84 0.60 0.58 3.37 
10% 9.17 0.60 0.57 3.13 
 
 
Figure 5.1.3 AFM images of P3HT:PCBM (1:0.8 w/w) films incorporating DMPA-DTDPP at 0 wt% 
(a), 5 wt% (b), and 10 wt% (c). 
 
  In order to further assess the nature of the improved device performance upon addition of DMPA-
DTDPP, we evaluated the surface topography by atomic force microscopy (AFM). In Figure 5.1.3, 
although all AFM images of the active layer films show a smooth surface, the RMS roughness 
differences are evaluated as 25.7, 4.79, 7.38 nm for the P3HT:PCBM film, P3HT:PCBM:5% DMPA-
DTDPP film, and P3HT:PCBM:10% DMPA-DTDPP film, respectively. Despite the fact that the film 
with 10 wt% of DMPA-DTDPP shows coarser morphology than the pristine P3HT:PCBM, it exhibits 
slight higher Jsc. This can be explained by the fact, because of the large amount of DMPA-DTDPP 
(a) (b) (c)
10 nm 10 nm 10 nm
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(10%), the enlarged interface between P3HT and PCBM leads to more opportunities for charge 
separation and transport, which increases the Jsc. From those observations, one can conclude that the 
addition of DMPA-DTDPP into P3HT:PCBM allow tailoring of miscibility between P3HT and 
PCBM leading to more homogeneous films with smoother surfaces than the pristine film itself as well 
as optimizing the device morphology. In the case of 5% addition of DMPA-DTDPP, the 
morphological requirement of the active layer for high performance OPVs is thus optimized nanoscale 
phase separation, which could provide a large interface area for charge dissociation as well as 
continuous percolating path for hole and electron transport to respective electrodes. 
 
5.1.3 Conclusion 
In summary, we have synthesized DMPA-DTDPP in one step from easily accessible compounds. 
Considering the cascaded energy levels of P3HT, PCBM, and DMPA-DTDPP, we have applied 
DMPA-DTDPP into P3HT:PCBM-based solar cell as an additive for improving the properties of the 
active layer. With various amount of DMPA-DTDPP added, the enhanced PCE can be related to the 
allocation of DMPA-DTDPP molecules at P3HT:PCBM interfaces without the formation of DMPA-
DTDPP aggregations, which contributes to photocurrent through the effective dissociation of the 
generated excitons in the P3HT phase at the absorption region. The best device obtained by 5% 
DMPA-DTDPP shows ~12% increase in PCE to 3.37%, when compare to the controlled reference cell 
without the additive. On the basis of simple, cost effective synthesis of DMPA-DTDPP, this protocol 
can be extended to various material combinations as well as directly in the existing industrial 
processes, hence boosting the photocurrent generation even for the best PSC. 
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Chapter 6 Experimental section 
Material and instrument  
All the chemicals and reagents were bought from Sigma-Aldrich, Alfa Aesar chemical company, 
Tokyo Chemical Industry Co., Ltd. and unless otherwise specified used without any further 
puriﬁcation. THF was freshly dried over sodium and benzophenone, prior to use. 1H and 13C NMR 
spectra were recorded on a Varian VNRS 600 MHz spectrometer using deuterated chloroform 
(CDCl3) or 1,1,2,2-tetrachloroethane C2D2Cl4) as solvent. The chemical shifts were given in parts per 
million and coupling constants (J) in Hertz. The elemental analysis of carbon, hydrogen, nitrogen and 
sulphur were carried out with a Flesh 2000 elemental analyser. MALDI-MS spectra were recorded by 
Ultraflex III (Bruker). UV-vis-NIR spectra were taken on Cary 5000 (Varian USA) spectrophotometer. 
Number-average (Mn) and weight average (Mw) molecular weights, and polydispersity index (PDI) of 
the polymer products were determined by gel permeation chromatography (GPC) with Agilent 1200 
HPLC Chemstation using a series of mono disperse polystyrene as standards in THF (HPLC grade) at 
25°C or determined by Gel permeation chromatography (GPC) with at 150°C on a Varian system 
using a PL gel mixed-B column and 1,2,4-trichlorobenzene as eluent. The electrochemical properties 
were characterized by VersaSTAT3 Princeton Applied Research Potentiostat with platinum as 
working electrode, a platinum wire counter electrode and Ag/Ag
+
 as reference electrode. The 
electrolytic solution employed were 0.1 M tetra-n-butylammonium hexafluorophosphate (n-Bu4NPF6) 
in dry acetonitrile at a scan rate of 100 mV/s under Ar atmosphere. The reference electrode was 
calibrated using a ferrocene/ferrocenium redox couple as external standard, whose oxidation potential 
is set at –4.8 eV with respect to zero vacuum level. The HOMO energy levels of the polymers were 
obtained from the equation: EHOMO (eV) = –(E(ox)
onset
 – E(ferrocene)
onset
 + 4.8) and the corresponding 
LUMO levels were calculated by using equation : ELUMO (eV) = –(E(red)
onset
 – E(ferrocene)
onset 
+ 4.8). 
Microwave reactions were performed by microwave synthesis reactor (Microwave, Anton Paar). 
Tapping-mode atomic force microscopy (AFM) measurements were performed using an Agilent 5500 
scanning probe microscope (SPM) running with a Nanoscope-V controller. For transmission electron 
microscope (TEM) measurements, the copolymer films were detached from the silicon substrates by 
immersing them in a 5% HF solution, and then transferred onto Formvar-coated copper grids. TEM 
images were taken using a JEOL operated at an accelerating voltage of 200 kV. Thermogravimetric 
analysis (TGA) was carried out using Q200 (TA Instrument, USA) with heating from 50 to 800
o
C at a 
heating rate of 10
o
C/min. FT-IR spectra were recorded on 670-IR/620-IR Imaging (Varian USA). 
Ultraviolet photoelectron spectroscopy (UPS) was examined by AXIS-NOVA CJ109, Kratos. The 
polymer solution was prepared in chloroform with 5 mgmL
−1
 for polymers. The polymer solutions 
were spin-coated on indium tin oxide (ITO) glass films. Film fabrication was done in a N2-atmosphere 
glovebox. The UPS analysis chamber was equipped with a hemispherical electron-energy analyzer 
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(Kratos Ultra Spectrometer), and was maintained at 1.0 × 10
−9 
Torr. The UPS measurements were 
carried out using the He I (hν = 21.2 eV) source. DFT calculations were performed using the Gaussian 
03 or 09 package with the nonlocal hybrid Becke three-parameter Lee-Yang-Parr (B3LYP) function 
and the 6-31G, 6-31G*, or 6-311G basis set to elucidate the HOMO and LUMO levels after 
optimizing the geometry of each structure and trimer using the same method and time-dependent self-
consistent filed (TD-SCF) approximation was used for excited state dipole moment. Grazing 
incidence X-ray diffraction (GIXD) measurements were conducted at PLS-II 9A U-SAXS beamLine 
of Pohang Accelerator Laboratory in Korea. The X-rays coming from the in-vacuum undulator (IVU) 
were monochromated at 11.17 keV (wavelength, λ = 1.1099 Å) using a double crystal monochromator, 
and focused both horizontally and vertically (450 (H)  60 (V) μm2 in FWHM @ sample position) 
using K-B type mirrors. GIXD sample stage was equipped with a 7-axis motorized stage for the fine 
alignment of sample and the incidence angle of X-ray beam was set to in the range of 0.11º, which 
was close to the critical angle of samples. GIXD patterns were recorded with a 2D CCD detector 
(Rayonix SX165) and X-ray irradiation time was ranged from 30s to 60s, depending on the saturation 
level of the detector. Diffraction angles were calibrated using a pre-calibrated sucrose (Monoclinic, 
P21, a = 10.8631 Å , b = 8.7044 Å , c = 7.7624 Å , b = 102.938
o
) and the sample-to-detector distance 
was ~224.4 mm. X-Ray diffraction (XRD) was performed by D/MAZX 2500V/PC (Rigaku, Japan).  
 
OFET fabrication 
The surface of Si/SiO2 wafer was modified with n-octadecyltrimethoxysilane (OTS). 3 mM of OTS 
solution in trichloroethylene was spin-coated on the piranha-cleaned and hydroxylated wafer at 3000 
rpm for 30 s. Then, the wafer was exposed to ammonia vapor for ~12 h to facilitate the formation of 
OTS SAM, followed by sonication cleaning, sequential washing, and drying. The contact angle (DI 
water) on the hydrophobic OTS-modified wafer was ~110°. 
  FET devices with bottom-gate top-contact configuration were prepared to characterize the electrical 
performance of TDPPSe-Si copolymers. A highly n-doped (100) Si wafer (< 0.004 Ω·cm) with a 
thermally grown SiO2 (300 nm, Ci = 10 nF cm
2
) was utilized as the substrate and dielectric. Polymer 
solutions were dissolved in chloroform or chlorobenzene (~3 mgmL
1
) and the polymer films were 
prepared on the OTS-modified SiO2/Si substrate using various solution-processing methods: spin-
coating, drop-casting, and solution-shearing. In solution-shearing, the pre-heating temperature and the 
shearing speed were optimized to 80°C and 0.12 mms
1
, respectively. Then, the polymer films were 
annealed on a hot plate at 220°C for 30 min under N2 atmosphere. Gold contacts (40 nm) were 
thermally evaporated onto the polymer films to form source and drain electrodes with a channel 
length (L) of 50 µm and a channel width (W) of 1000 µm using shadow mask. The electrical 
performance of FETs was measured in an inert environment using a Keithley 4200 semiconductor 
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parametric analyzer. The field-effect mobility was calculated in the saturation regime using the 
following equation: 
IDS = ½ (W/L)μCi(VG – VT)
2
 (3) 
where IDS is the drain-to-source current, μ is the mobility, and VG and VT are the gate voltage and 
threshold voltage, respectively.  
 
OPVs fabrication 
The BHJ films were prepared under optimized conditions according to the following procedure: The 
indium tin oxide (ITO)-coated glass substrate was first cleaned with distilled water, ultrasonicated in 
distilled water, acetone and isopropyl alcohol, and subsequently dried overnight in an oven. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) PEDOT:PSS in aqueous solution was spin-cast to 
form a film with thickness of approximately 40 nm. The substrate was dried for 10 min at 140ºC in air, 
then transferred into a glove-box to spin-cast the photoactive layer. A solution containing a mixture of 
2 wt% P3HT:PCBM (1:0.8 w/w) in o-DCB with varying additive weight concentration from 0 to 10% 
additives was then spin-cast on top of the PEDOT:PSS layer. Herein, in case the ratios of 
P3HT:PCBM: DMPA-DTDPP are 1:0.8, 1:0.8:0.05 and 1:0.8:0.1 respectively, we will express as 0, 5 
and 10%. Three samples with different ratio of the DMPA-DTDPP were prepared for measurement. 
Then, the device was pumped down to lower than 10
-7
 torr and ~100 nm thick. Al electrode was 
deposited on top. Measurements were carried out with the solar cells inside a dry box by using a high 
quality optical fiber to guide the light from the solar simulator equipped with a Keithley 2635A source 
measurement unit. The solar cell devices were illuminated at an intensity of 100 mW/cm. For a more 
accurate comparison of relative surfaces, AFM images were obtained of 5 μm  5 μm area 
(veecoAFM) in tapping mode. UV-vis (Varian Cary 5000) spectra were measured for films of 
P3HT:PCBM with monomer and without composites. 
 
Material chacterizations  
Chapter 2.1 
Synthesis of 3,6-dithien-2-yl-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione 
A solution of 2-decyltetradecylbromide 9.1 g (21.7 mmol) in anhydrous DMF (20 mL) was added 
dropwise to a mixture of 3,6-dithien-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2.8 g, 9.42 
mmol) and K2CO3 (3.0 g, 21.6 mmol) in anhydrous DMF (55 mL). The mixture was maintained at 
120
o
C overnight. The reaction was cooled to room temperature and poured into water (100 mL). The 
mixture was extracted into CHCl3, washed with brine, and dried over MgSO4. The solvent was 
evaporated under reduced pressure. The crude product was purified by chromatography on silica with 
0–30% dichloromethane in hexane as eluent. Isolated yield = 5.1 g (55%) as a thick viscous dark 
purplish oil. 
1
H NMR (CDCl3, 600 MHz): δ ppm 8.88 (d, J = 3.85, 2H), 7.62 (d, J = 4.9, 2H), 7.27 (d, 
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J = 8.89, 2H), 4.03 (d, J = 7.71, 4H), 1.91 (m, 2H), 1.30–1.21 (m, 80H), 0.89–0.87 (m, 12H). 13C 
NMR (CDCl3, 150 MHz): δ ppm 161.75, 140.43, 135.19, 130.44, 129.84, 120.38, 107.95, 46.23, 
37.75, 31.93, 29.69, 29.67, 29.65, 29.38, 29.37, 29.36, 26.22, 22.70, 22.69, 14.13. MALDI-TOF MS 
(m/z) 973.59 (M
+
). Anal. Calcd. for C62H104N2O2S2: C, 76.48; H,10.77; N, 2.88. Found: C, 77.04; H, 
10.97; N, 2.96. 
 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione  
N-Bromosuccinimide (NBS) (1.26 g, 7.08 mmol) was added slowly to a solution of DTDPP (3 g, 3.08 
mmol) in CHCl3 (100 mL). The solution was protected from light and stirred at room temperature for 
48 h. The reaction mixture was poured into water (100 mL) and extracted into CHCl3. The organic 
layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. The crude 
product was purified by chromatography on silica with 0–50% dichloromethane in hexane as eluent. 
Isolated yield = 1.8 g (53%) as a thick viscous dark purplish oil. 
1
H NMR(CDCl3, 600 MHz): δ ppm 
8.62 (d, J = 4.18, 2H), 7.21 (d, J = 4.17, 2H), 3.91 (d, J = 7.71, 4H), 1.87 (m, 2H), 1.29–1.21 (m, 80H), 
0.89–0.86 (m, 12H). 13C NMR (CDCl3, 150 MHz): δ ppm 161.38, 139.39, 135.31, 131.42, 131.17, 
118.95, 108.01, 46.36, 37.77, 31.94, 30.00, 29.70, 29.68, 29.66, 29.57, 29.39, 26.20, 22.70, 14.13. 
MALDI-TOF MS(m/z) 1131.45(M+). Anal. Calcd. for C62H102Br2N2O2S2: C, 65.82; H, 9.09; N, 2.48. 
Found: C, 68.14; H, 9.36; N, 2.43. 
 
Synthesis of poly[triphenylamine-4,4'-diyl-co-3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione-5',5''-diyl] (PTPA-co-DTDPP)  
N-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)phenyl)aniline (86 mg, 0.17 mmol), dibromide 1 (200 mg, 0.17 mmol), 
Aliquat® 336 (8 mg, 13 mol%), 2.0 M aqueous K2CO3 (7 mL), and toluene (10 mL) were taken 
together in a Schlenk flask and purged with argon for 15 minutes. To this solution, 
tetrakis(triphenylphosphine)palladium (10 mg, 8.6 μmol) was added and the reaction mixture was 
heated at 95°C under vigorous stirring for 72 h. The reaction was poured into a mixture of methanol 
and 2.0 M HCl (1:1, 300 mL) and filtered. The collected dark solid was redissolved in chlorobenzene 
(10 mL) and added dropwise to methanol (200 mL). The resulting solid was filtered off and subjected 
to sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d) to remove low 
molecular weight fraction of the materials. The residue was extracted with chlorobenzene to give dark 
purplish product after precipitating again from methanol and drying in vacuo. Isolated yield of 
polymer PTPA-co-DTDPP = 150 mg (75%). GPC analysis Mn = 14.94 kg/mol, Mw = 20.76 kg/mol, 
and PDI = 1.39 (against PS standard). 
1
H NMR (CDCl3, 600 MHz): δ ppm 8.97 (br, 2H), 7.56–7.58 
(br, 4H), 7.4–7.39 (br, 2H), 7.35–7.32 (br, 2H), 7.19–7.17 (br, 2H), 7.13–7.14 (br, 4H), 4.07 (br, 4H), 
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2.00 (br, 2H), 1.34–1.21(br, 80H), 0.88–0.83 (12H). Anal. Calcd. for C68H105BrN4O2S3: C, 68.82; H, 
8.92; N, 4.72. Found: C, 68.61; H, 9.19; N, 5.01. 
 
Chapter 2.2 
Synthesis of poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-
diyl-alt-benzo-2,1,3-thiadiazol-4,7-diyl] (PDTDPP-alt-BTZ) 
2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol ester) (67 mg, 0.17mmol), dibromide 2 (200 mg, 
0.17 mmol), Aliquat

336 (8 mg, 13 mol%), 2.0 M aqueous K2CO3 (7 mL), and toluene (10 mL) were 
taken together in a Schlenk flask and purged with argon for 15 minutes. To this solution, 
tetrakis(triphenylphosphine)palladium (10 mg, 8.6 μmol) was added and the reaction mixture was 
heated at 95°C under vigorous stirring for 72 h. The reaction was poured into a mixture of methanol 
and 2.0 M HCl (1:1, 300 mL) and filtered. The collected dark solid was redissolved in chlorobenzene 
(10 mL) and added dropwise to methanol (200 mL). The resulting solid was filtered off and subjected 
to sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d) to remove low 
molecular weight fraction of the materials. The residue was extracted with chlorobenzene to give dark 
purplish product after precipitating again from methanol and drying in vacuo. Isolated yield of 
polymer PDTDPP-alt-BTZ = 150 mg (75%). GPC analysis Mn = 135.6 kg/mol, Mw = 595 kg/mol, and 
PDI = 4.26 (against PS standard). 
1
H NMR(CDCl3, 600 MHz): ppm 9.13–9.09 (br, 2H), 8.24–8.16 
(br, 2H), 8.08–7.96 (br, 2H), 4.23–4.06 (br, 4H), 2.32–2.29 (t, 2H), 1.34–1.03 (br, 80H), 0.90–0.85 (br, 
12H). Anal. Calcd. for C68H105BrN4O2S3: C, 68.82; H, 8.92; N, 4.72. Found: C, 68.61; H, 9.19; N, 
5.61. 
 
Chapter 2.3 
Synthesis of poly[3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5′,5''-
diyl-co-4,4′-bis-(2,1,3-benzothiadiazole)-7,7′-diyl] (PDTDPP-BisBT) 
A mixture of 1 (200 mg, 0.16 mmol), 7,7′-dibromo-4,4′-bis(2,1,3-benzothiadiazole) (69 mg, 0.16 
mmol), tris(dibenzylidenacetone)dipalladium(0) (10 mg, 0.011 mmol), were taken together in a 
Schlenk flask. To this, tri(o-tolyl)phosphine (5 mg, 0.016 mmol )and K3PO4 (220 mg) in toluene (5 
mL) with demineralized water (1 mL) were added and the reaction mixture was heated at 95°C under 
vigorous stirring for 72 h. The crude product was poured into a mixture of methanol (300 mL) and 
water (100 mL). The resulting solid was filtered off and subjected to sequential Soxhlet extraction 
with methanol (1 d), acetone (1 d), and hexane (1 d) to remove low molecular weight fraction of the 
materials. The residue was extracted with chloroform to give dark purplish product after precipitating 
again from methanol and drying in vacuo. Isolated yield of polymer PDTDPP-BisBT = 100 mg 
(50 %). GPC analysis Mn = 57,000 kg/mol, Mw = 199,500 kg/mol, and PDI =3.5. 
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Chapter 2.4 
Typical procedure for Suzuki coupling polymerization and polymer purification 
Boronic ester DPP (0.20 mmol), dibromo FBT or 2FBT (0.20 mmol), tris(dibenzylidenacetone) 
dipalladium (0) (1.7 mg, 2.0 µmmol), anhydrous toluene (4 mL) were mixed in a Schlenk flask which 
was purged with argon for 30 minutes. To this solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 µmol) and 
K3PO4 in demineralized water (2 mL) were added and the reaction mixture was heated at 95°C under 
vigorous stirring for 48 hours. The crude product was poured into a mixture of methanol (300 mL). 
The resulting solid was filtered off and subjected to sequential Soxhlet extraction with methanol (1 d), 
acetone (1 d) to remove the low molecular weight fraction of the materials. The residue was extracted 
with chloroform in order to produce a dark purple product after precipitating again from methanol and 
drying in vacuo. 
 
Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-
fluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT): Isolated yield of polymer PDPP-FBT = 100 mg 
(50%). GPC analysis Mn = 6.1 kg/mol, Mw = 12.4 kg/mol, and PDI = 2.02 (against PS standard).  
 
Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-
difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-2FBT): Isolated yield of polymer PDPP-2FBT = 100 
mg (50%). GPC analysis Mn = 6.6 kg/mol, Mw = 10.9 kg/mol, and PDI = 1.66 (against PS standard).  
 
Typical procedure for Stille coupling polymerization and polymer purification: Stannylated DPP (0.20 
mmol), dibromo FBT or 2FBT (0.20 mmol), tris(dibenzylidenacetone)dipalladium (0) (1.7 mg, 2.0 
µmmol), anhydrous toluene (4 mL) were mixed in a 10 mL of microwave vessel which was purged 
with argon for 30 minutes. To this solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 µmol) was added and 
the reaction mixture was heated at 120°C under vigorous stirring for 6 hours using microwave 
machine. The crude product was poured into a mixture of methanol (300 mL). The resulting solid was 
filtered off and subjected to sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and 
hexane (1 d) to remove the low molecular weight fraction of the materials. The residue was extracted 
with chloroform in order to produce a dark purple product after precipitating again from methanol and 
drying in vacuo. 
 
Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-
fluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT): Isolated yield of polymer PDPP-FBT = 150 mg 
(75%). GPC analysis Mn = 24.0 kg/mol, Mw = 48.2kg/mol, and PDI = 2.01 (against PS standard).  
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Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-
difluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-2FBT): Isolated yield of polymer PDPP-2FBT = 150 
mg (75%). GPC analysis Mn = 25.0 kg/mol, Mw = 58.6 kg/mol, and PDI = 2.34 (against PS standard). 
Note that the peak assignments and integral values in 
1
H NMR (C2D2Cl4, 600 MHz) spectra of both 
polymers (PDDP-FBT and PDPP-2FBT) became very complicated, because of the peak broadening 
and poor resolution in the aromatic region even at the high temperature (348 K). 
 
Chapter 3.1 
Synthesis of 3,6-dithien-2-yl-2,5-di(hex-5-en-l-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione. (1) 
 
A solution of 6-bromo-1-hexene (2.71 g, 16.6 mmol) was added drop wise to a mixture of 3,6-dithien-
2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2.00 g, 6.66 mmol), K2CO3 (2.30 g, 16.6 mmol) in 
anhydrous DMF (100 mL). The mixture was maintained at 120
o
C overnight. The reaction was cooled 
to room temperature and evaporated under reduced pressure. The compound was extracted in CH2Cl2, 
washed with brine, dried over MgSO4. The crude product was washed with MeOH (300 mL) three 
times. Isolated yield = 2.53 g (82%) as a dark purplish solid. 
1
H NMR (CDCl3, 600 MHz): ppm 8.91 
(d, J = 3.7 Hz, 2H), 7.62 (d, J = 5.0 Hz, 2H), 7.27 (dd, J = 3.7, 5.0 Hz, 2H), 5.80–5.76 (m, 2H), 5.01–
4.92 (m, 4H), 4.08–4.05 (t, J = 7.8 Hz, 4H), 2.12–2.08 (m, 4H), 1.76–1.73 (m, 4H). 1.54–1.50 (m, 4H). 
13
C NMR (CDCl3, 150 MHz): ppm 161.42, 140.05, 138.38, 135.38, 130.77, 129.82, 128.72, 114.99, 
107.79, 42.12, 33.43, 29.57, 26.34. MALDI-TOF MS(m/z) 464 (M
+
). Anal. Calcd. for C26H28N2O2S2: 
C, 67.21; H, 6.07; N, 6.03; O, 6.89; S, 13.80. Found: C, 67.35; H, 5.98, N, 5.99. 
 
Synthesis of 3,6-dithien-2-yl-2,5-bis[6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl]-pyrrolo[3,4-
c]pyrrole-1,4-dione. (2) 
 
Compound 1 (1.00 g, 2.15 mmol) was dissolved in anhydrous toluene (20 mL) under an argon 
condition. 1,1,3,3,5,5,5-Heptamethyltrisiloxane (1.20 g, 5.38 mmol) was injected through a septum, 
followed by the addition of a drop of Karstedt’s catalyst (platinum divinyltetramethy-siloxane 
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complex in xylene, 3wt). The resulting mixture was stirred at 50
o
C overnight. The solution was 
evaporated under reduced pressure. The crude product was purified by chromatography on silica with 
0–50% dichloromethane in hexane as eluent. Isolated yield = 1.54 g (79%) as a dark purplish powder. 
1
H NMR(CDCl3, 600 MHz): ppm 8.92 (d, J = 3.7 Hz, 2H), 7.63 (d, J = 4.9 Hz, 2H), 7.28 (dd, J = 
3.7, 4.9 Hz, 2H), 4.08–4.05 (t, J = 7.8, 4H), 1.75–1.72 (m, 4H), 1.40–1.32 (m, 12H), 0.46–0.43 (t, J = 
8.8 Hz, 4H), 0.08–0.06 (bs, 36H), –0.02 (s, 6H). 13C NMR (CDCl3, 150 MHz): ppm 161.48, 140.12, 
135.37, 130.72, 129.94, 128.71, 107.86, 42.37, 32.97, 30.09, 26.78, 23.18, 17.70, 2.00, –0.13. 
MALDI-TOF MS(m/z) 908.17 (M
+
). Anal. Calcd. for C40H72N2O6S2Si6: C, 52.81; H, 7.98; N, 3.08; O, 
10.55; S, 7.05; Si, 18.52. Found: C, 52.61; H, 7.99; N, 3.02. 
 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-bis[6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl]-
pyrrolo[3,4-c]pyrrole-1,4-dione. (3) 
 
N-Bromosuccinimide (NBS, 0.489 g, 27.5 mmol) was added slowly to a solution of compound 2 (1.00 
g, 11.0 mmol) in CHCl3 (30 mL). The solution was protected from light and stirred at room 
temperature for 48 hours. The reaction mixture was poured into water (50 mL) and extracted in 
CH2Cl2. The organic layer was dried over MgSO4 and the solvent was evaporated under reduced 
pressure. The crude product was purified by chromatography on silica with 0–50% dichloromethane 
in hexane as eluent. Isolated yield = 0.25 g (21%) as a dark purplish powder. 
1
H NMR(CDCl3, 600 
MHz): ppm 8.67 (d, J = 3.5 Hz, 2H), 7.22 (d, J = 3.5 Hz, 2H), 3.98–3.95 (t, J = 7.7 Hz, 4H), 1.70–
1.58 (m, 4H), 1.35–1.33 (m, 12H), 0.46–0.43 (t, J = 8.9 Hz, 4H), 0.07 (bs, 36H), –0.01 (s, 6H). 13C 
NMR (CDCl3, 150 MHz): ppm 161.06, 139.13, 135.51, 131.74, 131.24, 119.32, 108.03, 42.44, 
32.95, 30.17, 26.76, 23.16, 17.70, 2.01, –0.35. MALDI-TOF MS(m/z) 1066.16 (M+2H)+. Anal. Calcd. 
for C40H70Br2N2O6S2Si6: C, 45.01; H, 6.61; Br, 14.97; N, 2.62; O, 8.99; S, 6.01; Si, 15.79; N, 2.48. 
Found: C, 45.30; H, 6.51; N, 2.43. 
 
Typical procedure for Stille polymerization and polymer purification 
Dibrominated TDPP (0.20 mmol), distannyl selenophene comonomer (0.20 mmol), 
tris(dibenzylidenacetone)dipalladium (0) (1.7 mg, 2.0 mmol), anhydrous toluene (4 mL) were mixed 
in a Schlenk flask which was purged with argon for 30 minutes. To this solution, tri(o-tolyl)phosphine 
(1.2 mg, 4.0 mol) was added and the reaction mixture was heated at 95°C under vigorous stirring for 
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48 hours. The crude product was poured into a mixture of methanol (300 mL). The resulting solid was 
filtered off and subjected to sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and 
hexane (1 d) to remove the low molecular weight fraction of the materials. The residue was extracted 
with chloroform in order to produce a dark purple product after precipitating again from methanol and 
drying in vacuo. 
 
Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5’’-diyl-alt-3-(5-
(selenophene-2-yl)) (PTDPPSe) 
Isolated yield of polymer PTDPPSe = 150 mg (75%). GPC analysis Mn = 122.3 kg/mol, Mw = 441.1 
kg/mol, and PDI = 3.58 (against PS standard) obtained by room temperature and Mn = 18.0 kg/mol, 
Mw = 64.5 kg/mol and PDI = 3.58 (against PS standard) measured by high-temperature GPC at 150
o
C 
with 1,2,4-trichlorobenzene as eluent. 
1
H NMR (C2D2Cl4, 600 MHz, 348 K): ppm 9.25–8.71 (br, 
2H), 7.37–6.68 (br, 4H), 4.22–3.66 (br, 4H), 2.08–1.73 (br, 2H), 1.42–1.06 (br, 64H), 0.85–0.78 (br, 
12H). Anal. Calcd. for C58H90N2O2S2Se: C, 70.33; H, 9.16; N, 2.83. Found: C, 70.61; H, 8.97; N, 2.63. 
 
Poly(3,6-dithien-2-yl-2,5-bis(6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione-5’,5’’-diyl-alt-3-(5-(selenophene-2-yl)) (PTDPPSe-Si) 
Isolated yield of polymer PTDPPSe-Si = 150 mg (75%). GPC analysis Mn = 269.4 kg/mol, Mw = 
1,180.8 kg/mol, and PDI = 4.38 (against PS standard) obtained by room temperature and Mn = 20.3 
kg/mol, Mw = 100.0 kg/mol and PDI = 4.93 (against PS standard) measured by high-temperature GPC 
at 150
o
C with 1,2,4-trichlorobenzene as eluent. 
1
H NMR (C2D2Cl4, 600 MHz, 348 K):  ppm 9.07–
8.54 (br, 2H), 7.49–6.67 (br, 4H), 4.17–3.74 (br, 4H), 1.67–1.01 (br, 16H), 0.44–(–0.24) (br, 46H). 
Anal. Calcd. for C44H74N2O6S2SeSi6: C, 50.88; H, 7.18; N, 2.70; S, 6.17. Found: C, 50.64; H, 6.94; N, 
2.75. 
 
Chapter 3.2 
Typical procedure for Stille polymerization and polymer purification 
Dibrominated TDPP (0.20 mmol), distannyl selenophene comonomer (0.20 mmol), 
tris(dibenzylidenacetone)dipalladium (0) (2.0 mol), and anhydrous toluene (4 mL) were mixed in a 
Schlenk flask, and purged with argon for 30 min. Tri(o-tolyl)phosphine (4.0 mol) was added to the 
solution and the reaction mixture was heated at 95°C under vigorous stirring for 12 h. The crude 
product was poured into methanol (300 mL). The resulting solid was filtered off and subjected to 
sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d) to remove the low 
molecular weight fractions of the materials. The residue was extracted with chloroform in order to 
produce a dark purple product after precipitating again from methanol and drying in vacuo. 
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Poly(3,6-dithien-2-yl-2,5-bis(4-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)butyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione-5′,5′′-diyl-alt-3-(5-(selenophene-2-yl)) (PTDPPSe-SiC4) 
Isolated yield = 75%. Mn = 25.1 kDa, Mw = 89.3 kDa, PDI = 3.56. 
1
H NMR (C2D2Cl4, 600 MHz, 348 
K): ppm 9.02–8.67 (br, 2H), 7.44–6.57 (br, 4H), 4.10–3.82 (br, 4H), 1.69–1.21 (br, 8H), 0.31–(–
0.14) (br, 46H). Anal. Calcd. for C40H66N2O6S2SeSi6: C, 48.90; H, 6.77; N, 2.85. Found: C, 48.61; H, 
6.97; N, 2.63. 
 
Poly(3,6-dithien-2-yl-2,5-bis(5-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)pentyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione-5′,5′′-diyl-alt-3-(5-(selenophene-2-yl)) (PTDPPSe-SiC5) 
Isolated yield = 77%. Mn = 23.3 kDa, Mw = 70.3 kDa, PDI = 3.02. 
1
H NMR (C2D2Cl4, 600 MHz, 348 
K):  ppm 9.05–8.71 (br, 2H), 7.47–6.58 (br, 4H), 4.12–3.76 (br, 4H), 1.58–1.18 (br, 12H), 0.42–(–
0.12) (br, 46H). Anal. Calcd. for C42H70N2O6S2SeSi6: C, 49.91; H, 6.98; N, 2.77. Found: C, 49.61; H, 
6.97; N, 2.63. 
 
Poly(3,6-dithien-2-yl-2,5-bis(6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl)-pyrrolo[3,4-
c]pyrrole-1,4-dione-5′,5′′-diyl-alt-3-(5-(selenophene-2-yl)) (PTDPPSe-SiC6) 
Isolated yield = 79%. Mn = 26.0 kDa, Mw = 72.5 kDa, PDI = 2.79. 
1
H NMR and EA data are consistent 
with those reported previously.
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Synthesis of 3,6-dithien-2-yl-2,5-di(but-3-en-l-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (1) 
A solution of 4-bromo-1-butene (4.94 g, 36.7 mmol) was added drop wise to a mixture of 3,6-dithien-
2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (5.00 g, 16.6 mmol), K2CO3 (5.06 g, 36.7 mmol) in 
anhydrous DMF (150 mL). The mixture was maintained at 120
o 
C overnight. The reaction was cooled 
to room temperature and evaporated under reduced pressure. The compound was extracted in CH2Cl2, 
washed with brine, dried over MgSO4. The crude product was washed with MeOH (300 mL) three 
times. Isolated yield = 4.53 g (67%) as a dark purplish solid. 
1
H NMR (CDCl3, 600 MHz): ppm 8.90 
(d, J = 3.8 Hz, 2H), 7.65 (d, J = 5.0 Hz, 2H), 7.29 (dd, J = 3.7, 4.9 Hz, 2H), 5.88–5.84 (m, 2H), 5.16–
5.08 (m, 4H), 4.18–4.15 (m, 4H), 2.52–2.50 (t, J = 7.8 Hz, 4H). 13C NMR (CDCl3, 150 MHz):  ppm 
161.40, 140.01, 135.37, 134.17, 130.85, 129.77, 128.78, 117.68, 107.86, 41.53, 34.16. MALDI-TOF 
MS(m/z) 408.0 (M
+
). Anal. Calcd. for C22H20N2O2S2: C, 64.68; H, 4.93; N, 6.86; O, 7.83; S, 15.70. 
Found: C, 64.35; H, 4.98; N, 6.99. 
 
Synthesis of 3,6-dithien-2-yl-2,5-di(pen-4-en-l-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (2) 
The synthetic procedure is similar as described for 1. Isolated yield = 5.34 g (73%)  as a dark 
purplish solid. 
1
H NMR (CDCl3, 600 MHz):  ppm 8.91 (d, J = 3.8 Hz, 2H), 7.65 (d, J = 5.0 Hz, 2H), 
7.29 (dd, J = 3.7, 4.9 Hz, 2H), 5.88–5.81 (m, 2H), 5.08–4.99 (m, 4H), 4.11–4.08 (m, 4H), 2.20–2.19 (t, 
J = 7.8 Hz, 4H), 1.87–1.84 (m, 4H). 13C NMR (CDCl3, 150 MHz):  ppm 161.36, 139.99, 137.31, 
135.37, 130.78, 129.74, 128.70, 115.54, 107.75, 41.83, 31.14, 29.01. MALDI-TOF MS(m/z) 436.0 
(M
+
). Anal. Calcd. for C24H24N2O2S2: C, 66.02; H, 5.54; N, 6.42; O, 7.33; S, 14.69. Found: C, 66.35; 
H, 5.98; N, 5.99. 
 
Synthesis of 3,6-dithien-2-yl-2,5-di(hex-5-en-l-yl)-pyrrolo[3,4-c]pyrrole-1,4-dione (3) 
The synthetic procedure is similar as described for 1. Isolated yield = 5.53 g (71%)  as a dark 
purplish solid. 
1
H NMR (CDCl3, 600 MHz):  ppm 8.91 (d, J = 3.7 Hz, 2H), 7.62 (d, J = 5.0 Hz, 2H), 
7.27 (dd, J = 3.7, 5.0 Hz, 2H), 5.80–5.76 (m, 2H), 5.01–4.92 (m, 4H), 4.08–4.05 (t, J = 7.8 Hz, 4H), 
2.12–2.08 (m, 4H), 1.76–1.73 (m, 4H), 1.54–1.50 (m, 4H). 13C NMR (CDCl3, 150 MHz): ppm 
161.42, 140.05, 138.38, 135.38, 130.77, 129.82, 128.72, 114.99, 107.79, 42.12, 33.43, 29.57, 26.34. 
MALDI-TOF MS(m/z) 464 (M
+
). Anal. Calcd. for C26H28N2O2S2: C, 67.21; H, 6.07; N, 6.03; O, 6.89; 
S, 13.80. Found: C, 67.35; H, 5.98; N, 5.99. 
 
Synthesis of 3,6-dithien-2-yl-2,5-bis[4-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)butyl]-pyrrolo[3,4-
c]pyrrole-1,4-dione (4) 
Compound 1 (4.00 g, 9.79 mmol) was dissolved in anhydrous toluene (100 mL) under an argon 
condition. 1,1,3,3,5,5,5-Heptamethyltrisiloxane (4.79 g, 21.5 mmol) was injected through a septum, 
followed by the addition of a drop of Karstedt’s catalyst (platinum divinyltetramethy-siloxane 
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complex in xylen, 3wt). The resulting mixture was stirred at 70
o
C overnight. The solution was 
evaporated under reduced pressure. The crude product was purified by chromatography on silica with 
0–50% dichloromethane in hexane as eluent. Isolated yield = 6.73 g (80%) as a red solid. 1H NMR 
(CDCl3, 600 MHz): ppm 8.92 (d, J = 3.7 Hz, 2H), 7.63 (d, J = 4.8 Hz, 2H), 7.28 (dd, J = 4.4, 4.9 Hz, 
2H), 4.09–4.06 (t, J = 7.8 Hz, 4H), 1.77–1.75 (m, 4H), 1.46–1.41 (m, 4H), 0.53–0.50 (t, J = 8.5 Hz, 
4H), 0.07–0.06 (bs, 36H), –0.01 (s, 6H). 13C NMR (CDCl3, 150 MHz): ppm 161.45, 140.10, 135.38, 
130.66, 129.92, 128.68, 107.86, 42.08, 33.43, 20.65, 17.45, 2.18, –0.18. MALDI-TOF MS(m/z) 
852.57 (M
+
). Anal. Calcd. for C36H64N2O6S2Si6: C, 50.66; H, 7.56; N, 3.28; O, 11.25; S, 7.51; Si, 
19.74. Found: C, 50.61; H, 7.99; N, 3.02. 
 
Synthesis of 3,6-dithien-2-yl-2,5-bis[5-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-
c]pyrrole-1,4-dione (5) 
The synthetic procedure is similar as described for 4. Isolated yield = 6.73 g (83%) as a dark purplish 
solid. 
1
H NMR(CDCl3, 600 MHz): ppm 8.93 (d, J = 3.8 Hz, 2H), 7.63 (d, J = 5.0 Hz, 2H), 7.28 (dd, 
J = 3.9, 4.9 Hz, 2H), 4.08–4.05 (t, J = 8.4, 4H), 1.77–1.72 (m, 4H), 1.46–1.41 (m, 4H), 1.39–1.34 (m, 
4H), 0.47–0.45 (t, J = 8.5Hz, 4H), 0.07–0.06 (bs, 36H), –0.01 (s, 6H). 13C NMR (CDCl3, 150 MHz):  
ppm 161.47, 140.10, 135.39, 130.76, 129.92, 128.71, 107.82, 42.34, 30.60, 29.89, 22.99, 17.76, 2.00, 
–0.15. MALDI-TOF MS(m/z) 880.61 (M+). Anal. Calcd. for C38H68N2O6S2Si6: C, 51.77; H, 7.77; N, 
3.18; O, 10.89; S, 7.27; Si, 19.11. Found: C, 51.61; H, 7.59; N, 3.32. 
 
Synthesis of 3,6-dithien-2-yl-2,5-bis[6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl]-pyrrolo[3,4-
c]pyrrole-1,4-dione (6) 
The synthetic procedure is similar as described for 4. Isolated yield = 6.27 g (80%) as a dark purplish 
solid. 
1
H NMR(CDCl3, 600 MHz): ppm 8.92 (d, J = 3.7 Hz, 2H), 7.63 (d, J = 4.9 Hz, 2H), 7.28 (dd, 
J = 3.7, 4.9 Hz, 2H), 4.08–4.05 (t, J = 7.8, 4H), 1.75–1.72 (m, 4H), 1.40–1.32 (m, 12H), 0.46–0.43 (t, 
J = 8.8Hz, 4H), 0.08–0.06 (bs, 36H), –0.02 (s, 6H). 13C NMR (CDCl3, 150 MHz): ppm 161.48, 
140.12, 135.37, 130.72, 129.94, 128.71, 107.86, 42.37, 32.97, 30.09, 26.78, 23.18, 17.70, 2.00, –0.13. 
MALDI-TOF MS(m/z) 908.17 (M
+
). Anal. Calcd. for C40H72N2O6S2Si6: C, 52.81; H, 7.98; N, 3.08; O, 
10.55; S, 7.05; Si, 18.52. Found: C, 52.61; H, 7.99; N, 3.02. 
 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-bis[4-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)butyl]-
pyrrolo[3,4-c]pyrrole-1,4-dione (7) 
N-Bromosuccinimide (NBS, 2.29 g, 12.9 mmol) was added slowly to a solution of compound 2 (5.00 
g, 5.86 mmol) in CHCl3 (150 mL). The solution was protected from light and stirred at room 
temperature for 48 h. The reaction mixture was poured into water (100 mL) and extracted in CH2Cl2. 
The organic layer was dried over MgSO4 and the solvent was evaporated under reduced pressure. The 
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crude product was purified by chromatography on silica with 0–50% dichloromethane in hexane as 
eluent. Isolated yield =1.34 g (23%) as a dark purplish solid. 
1
H NMR(CDCl3, 600 MHz): ppm 8.69 
(d, J = 4.1 Hz, 2H), 7.24 (d, J = 4.1 Hz, 2H), 4.00–3.97 (t, J = 7.7 Hz, 4H), 1.75–1.70 (m, 4H), 1.46–
1.40 (m, 4H), 0.53–0.50 (t, J = 8.5 Hz, 4H), 0.07 (bs, 36H), –0.01 (s, 6H). 13C NMR (CDCl3, 150 
MHz):  ppm 161.06, 139.05, 135.53, 131.71, 131.25, 119.21, 107.92, 42.16, 33.47, 20.77, 17.69, 
2.00, –0.42. MALDI-TOF MS(m/z) 1010.46 (M+2H)+. Anal. Calcd. for C36H62Br2N2O6S2Si6: C, 
42.75; H, 6.18; Br, 15.80; N, 2.77; O, 9.49; S, 6.34; Si, 16.66. Found: C, 43.30; H, 6.32; N, 2.73. 
 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-bis[5-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)pentyl]-
pyrrolo[3,4-c]pyrrole-1,4-dione (8) 
The synthetic procedure is similar as described for 7. Isolated yield = 1.54 g (26%) as a dark purplish 
solid. 
1
H NMR(CDCl3, 600 MHz):  ppm 8.68 (d, J = 4.1 Hz, 2H), 7.24 (d, J = 4.2 Hz, 2H), 3.99–
3.97 (t, J = 7.9, 4H), 1.74–1.68 (m, 4H), 1.45–1.40 (m, 4H), 1.39–1.35 (m, 4H), 0.48–0.45 (t, J = 
8.4Hz, 4H), 0.07 (bs, 36H), –0.01 (s, 6H). 13C NMR (CDCl3, 150 MHz): ppm 161.01, 138.99, 
135.50, 131.72, 131.25, 119.23, 107.85, 42.39, 30.56, 29.93, 22.99, 17.73, 2.01, –0.13. MALDI-TOF 
MS(m/z) 1038.51 (M+2H)
+
. Anal. Calcd. for C38H66Br2N2O6S2Si6: C, 43.91; H, 6.40; Br, 15.38; N, 
2.70; O, 9.24; S, 6.17; Si, 16.21. Found: C, 43.72; H, 6.52; N, 2.63. 
 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-bis[6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)hexyl]-
pyrrolo[3,4-c]pyrrole-1,4-dione (9) 
The synthetic procedure is similar as described for 7. Isolated yield = 1.47 g (25%) as a dark purplish 
solid. 
1
H NMR(CDCl3, 600 MHz): ppm 8.67 (d, J = 3.5 Hz, 2H), 7.22 (d, J = 3.5 Hz, 2H), 3.98–
3.95 (t, J = 7.7 Hz, 4H), 1.70–1.58 (m, 4H), 1.35–1.33 (m, 12H), 0.46–0.43 (t, J = 8.9 Hz, 4H), 0.07 
(bs, 36H), –0.01 (s, 6H). 13C NMR (CDCl3, 150 MHz): ppm 161.06, 139.13, 135.51, 131.74, 131.24, 
119.32, 108.03, 42.44, 32.95, 30.17, 26.76, 23.16, 17.70, 2.01, –0.35. MALDI-TOF MS(m/z) 1066.16 
(M+2H)
+
. Anal. Calcd. for C40H70Br2N2O6S2Si6: C, 45.01; H, 6.61; Br, 14.97; N, 2.62; O, 8.99; S, 
6.01; Si, 15.79. Found: C, 45.30; H, 6.51; N, 2.43. 
 
Chapter 3.3 
2,5-Bis(5-octylpentadecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione 
A mixture of 3,6-dithien-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) (2 g, 6.6 mmol), 5-
octyl-1-iodopentadecane (8.4 g, 18.6 mmol) and potassium carbonate (2.6 g, 18.8 mmol) in dry DMF 
(100 mL) was heated at 120°C under Ar atmosphere for 24 h and then cooled to room temperature 
and the solvent was evaporated. Water was added to the mixture and extracted with chloroform. The 
organic layer was washed with brine and concentrated. The product was purified by column 
chromatography using 1:1 hexane and CHCl3 as eluent followed by washing with MeOH (300 mL) 
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three times to give a dark solid (Yield 50%). 
1
H NMR (CDCl3, 600 MHz)  ppm 8.93 (d, J = 3.6 Hz, 
2H), 7.63 (d, J = 4.8 Hz, 2H), 7.29 (t, 4.2 Hz, 2H), 4.08 (br, 4H), 1.73 (m, 4H), 1.31–1.21 (m, 74 H), 
0.89 (t, J = 6.6 Hz, 12H). 
13
C NMR (CDCl3, 150 MHz)  ppm 161.34, 140.01, 135.23, 130.60, 129.79, 
128.58, 107.70, 42.28, 37.31, 33.29, 31.92, 30.14, 29.71, 29.67, 29.66, 29.37, 29.36,26.67, 24.05, 
22.68, 14.11. MALDI-TOF MS (m/z) 946.014 (M+H)
+
. Anal. Calcd. for C60H100N2O2S2: C, 76.21; H, 
10.66; N, 2.96; S, 6.78. found. C, 76.05; H, 10.81; N, 3.04; S, 6.70. 
 
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(5-octylpentadecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
dione (1) 
N-bromosuccinamide (0.440 g, 2.47 mmol) was added portion-wise to a solution of 2,5-bis(5-
octylpentadecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (1 g, 1.05 mmol) 
in dry chloroform (100 mL) and the mixture was stirred 24 h at room temperature under light 
protection. The mixture was poured into water (100 mL) and extracted with CHCl3. The organic layer 
was washed with brine solution three times and concentrated. The dark solid was washed with MeOH 
(300 mL) to give pure compound 2 (Yield 80%) 
1
H NMR (CDCl3, 600 MHz)  ppm 8.68 (d, J = 3.6 
Hz, 2H), 7.24 (d, J = 4.2 Hz. 2H), 3.98 (br, 4H), 1.68 (m, 4H), 1.37–1.21 (m, 74 H), 0.87 (t, J = 6.6Hz, 
12H). 
13
C NMR (CDCl3, 150 MHz)  ppm 160.96, 138.94, 135.32, 131.60, 131.09, 119.10, 107.77, 
61.60, 42.29, 37.24, 33.54, 33.23, 31.91, 30.14, 29.71, 29.66, 29.65, 29,36, 29.35, 26.64, 22.68, 14.95. 
MALDI-TOF MS (m/z) 1103.86 (M)
+
. Anal. Calcd. for C60H98Br2N2O2S2 : C, 65.31; H, 8.95; N, 2.54; 
S, 5.8. Found: C, 65.10; H, 8.97; N, 2.57; S, 5.83. 
 
PDPP(SE)-ε-C8C15: Isolated yield = 95%. GPC analysis (temperature 150°C) Mn = 38,253 Da, Mw = 
98,465 Da, and PDI=2.57 (against PS standard). 
1
H NMR (C2D2Cl4, 600 MHz, 353 K):  ppm 8.96 
(br, 2H), 7.35–6.68 (br, 4H), 4.14 (br, 4H), 1.95–1.13 (br, 78H), 0.93 (br, 12H). Anal. Calcd. for 
C64H102N2O2S2Se: C, 71.53; H, 9.57; N, 2.61; S, 5.97. Found: C, 70.89; H, 9.20; N, 2.46; S, 5.73. 
 
PDPP(T)-ε-C8C15: Isolated yield = 95%. GPC analysis (temperature 150°C) Mn = 50,862 Da, Mw = 
115,885 Da, and PDI = 2.28 (against PS standard).
1
H NMR (C2D2Cl4, 600 MHz, 353 K):  ppm 8.94 
(br, 2H), 7.34–6.68 (br, 4H), 4.14 (br, 4H), 1.97–1.13 (br, 78 H), 0.93 (br, 12H). Anal. Calcd. for 
C64H102N2O2S3: C, 74.80; H, 10.00; N, 2.73; S, 9.36. Found: C, 74.19; H, 9.65; N, 2.61; S, 8.88. 
 
PDPP(DT)-ε-C8C15: Isolated yield = 95%. GPC analysis (temperature 150°C) Mn = 15,428 Da, Mw = 
30,003 Da, and PDI = 1.95 (against PS standard). 
1
H NMR (C2D2Cl4, 600 MHz, 353 K):  ppm 8.91 
(br, 2H), 7.47–6.66 (br, 6H), 4.12 (br, 4H), 1.94–1.13 (br, 78 H), 0.94 (br, 12H). Anal. Calcd. for 
C68H104N2O2S4: C, 73.59; H, 9.45; N, 2.52; S, 11.55. Found: C, 73.59; H, 9.23; N, 2.42; S, 11.19. 
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PDPP(TVT)-ε-C8C15: Isolated yield = 95%. GPC analysis (temperature 150°C) Mn = 19,015 Da, Mw = 
39,217 Da, and PDI = 2.06 (against PS standard).
1
H NMR (C2D2Cl4, 600 MHz, 353 K): ppm 8.91 
(br, 2H), 7.46–6.47 (br, 8 H), 4.07 (br, 4H), 1.93–1.17 (br, 78 H), 0.93 (br, 12H). Anal. Calcd. for 
C70H106N2O2S4: C, 74.02; H, 9.41; N, 2.47; S, 11.29. Found: C, 73.66; H, 9.36; N, 2.32; S, 10.72. 
 
Chapter 3.4 
General procedure for polymerization and polymer purification. Typical procedure for Stille 
polymerization and polymer purification 
Dibrominated DPP (0.20 mmol), distannyl thienothiophene comonomer (0.20 mmol), 
tris(dibenzylidenacetone)dipalladium (0) (1.0 mol), and anhydrous toluene (4 mL) were mixed in a 
Schlenk flask, and purged with argon for 10 min. Tri(o-tolyl)phosphine (2.0 mol) was added to the 
solution and the reaction mixture was heated at 95°C under vigorous stirring for 2 h. The crude 
product was poured into methanol (300 mL). The resulting solid was filtered off and subjected to 
sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d) to remove the low 
molecular weight fractions of the materials. The residue was extracted with chloroform in order to 
produce a product after precipitating again from methanol and drying in vacuo. 
 
PDPPTT-ref: Isolated yield = 80%. Mn = 48.1 kDa, Mw = 168.4 kDa, PDI = 3.50. 
1
H NMR (C2D2Cl4, 
600 MHz, 348 K): ppm 8.54–8.04 (br, 2H), 6.82–6.00 (br, 4H), 3.51–3.13 (br, 4H), 1.42–1.20 (br, 
2H), 1.06–0.40 (br, 64H), 0.36–0.12 (br, 12H) Anal. Calcd. for C60H88N2O2S4: C, 72.24; H, 8.89; N, 
2.81. Found: C, 71.31; H, 8.98; N, 2.52. 
 
PDPPTT-RTG: Isolated yield = 77%. Mn = 50.3 kDa, Mw = 151.9 kDa, PDI = 3.02. 
1
H NMR (C2D2Cl4, 
600 MHz, 348 K):  ppm 8.49–8.04 (br, 2H), 6.74–5.87 (br, 4H), 3.51–3.11 (br, 4H), 1.19–0.42 (br, 
78H), 0.41–0.11 (br, 12H). Anal. Calcd.. for C66H100N2O2S2: C, 73.28; H, 9.32; N, 2.59. Found: C, 
72.91; H, 8.97; N, 2.53. 
 
PDPPTT-SiTG: Isolated yield = 77%. Mn = 49.3 kDa, Mw = 158.3 kDa, PDI = 3.21. 
1
H NMR (CDCl3, 
600 MHz, 298 K): ppm 9.20–8.65 (br, 2H), 7.10–6.45 (br, 4H), 4.28–3.70 (br, 4H), 2.05–2.00 (br, 
4H), 0.90–0.77 (br, 8H), 0.45–0.21 (br, 36H), 0.13–(–0.18) (br, 6H). Anal. Calcd. for C42H64N2O6S4Si6: 
C, 50.97; H, 6.52; N, 2.83. Found: C, 50.51; H, 6.79; N, 3.01. 
 
Chapter 3.5 
Synthesis of 3,6-di(2-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)thien-5-yl)-2,5-di(2-  
decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (4) 
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A lithium diisopropylamide (LDA) solution (1.28 mL, 2.5 mmol) was added slowly (over 5 min) to a 
solution of 3,6-dithien-2-yl-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (1 g, 1.0mmol) 
and 2-isopropyl-4,4,5,5-tetramethyl-1,3,2-dioxoborane (0.42 g, 0.46 mL, 2.5 mmol) in THF (30 mL) 
under argon at –40°C. The resulting mixture was stirred for 1 h at 0°C and then quenched with water 
(200 mL). The compound was extracted in CHCl3, washed, and dried with MgSO4. The solvent was 
evaporated under a reduced pressure. The crude product was washed with methanol (200 mL) three 
times. Isolated yield = 1.0 g (79%) as a thick viscous dark purplish oil. 
1
H NMR (CDCl3, 600 MHz): δ 
ppm 8.91 (d, J = 3.17, 2H), 7.71 (d, J = 3.17, 2H), 4.05 (m, 4H), 1.91 (m, 2H), 1.36 (s, 24H), 1.27–
1.20 (m, 80H), 0.87–0.86 (m, 12H). 13C NMR (CDCl3, 150 MHz): δ ppm 161.71, 140.48, 137.62, 
136.11, 135.63, 108.70, 84.55, 46.24, 37.77, 31.91, 31.27, 30.01, 29.80, 29.68, 29.66, 29.64, 29.62, 
29.57, 29.35, 29.33, 26.32, 24.75, 22.67, 14.10. MALDI-TOF MS (m/z) 1225.68(M+). Anal. Calcd. 
for C74H126B2N2O6S2: C, 72.52; H,10.36, N, 2.29. Found: C, 72.40; H, 10.59; N, 2.57. 
 
Synthesis of poly[3,6-dithien-2-yl-2,5-di(t-butoxycarbonyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5′,5''-
diyl-alt-3,6-dithien-2-yl-2,5-di(2-decyltetradecanyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5′,5''-diyl] 
(BOC-PTDPP) 
A mixture of 3 (104 mg, 0.16 mmol), 4 (200 mg, 0.16 mmol), tris(dibenzylidenacetone)dipalladium (0) 
(10 mg, 0.011 mmol) were taken together in a Schlenk flask. Tri(o-tolyl)phosphine (5 mg, 0.016 
mmol) and K3PO4 (220 mg) in toluene (5 mL) with demineralized water (1 mL) were added to this 
solution and the reaction mixture was heated at 95°C under vigorous stirring for 48 h. The crude 
product was poured into a mixture of methanol (300 mL) and water (100 mL). The resulting solid was 
filtered off and subjected to sequential Soxhlet extraction with methanol (1 d), acetone (1 d) and 
hexane (1 d) to remove low molecular weight fraction of the materials. The residue was extracted with 
chloroform to give a dark purple product after precipitating again from methanol and drying in vacuo. 
Isolated yield of polymer BOC-PTDPP = 150 mg (75%). GPC analysis Mn = 13,520 kg/mol, Mw = 
48,360 kg/mol, and PDI = 3.58 (against PS standard,). 
1
H NMR(CDCl3, 600 MHz): ppm 8.96–8.91 
(br, 2H), 8.37–8.33 (br, 2H), 7.63–7.07 (br, 4H), 4.03–3.93 (br, 4H), 2.94–1.20 (t, 94H), 0.85–0.84 (br, 
12H). Anal. Calcd. for C88H130N4O8S4: C, 70.45; H, 8.73; N, 3.73. Found: C, 70.61; H, 9.00; N, 3.51. 
 
Chapter 4.1 
Synthesis of 3,6-di(2-bromothien-5-yl)-2,5-bis[6-(1,1,1,3,5,5,5,-heptamethyltrisiloxan-3-yl)pentyl]-
pyrrolo[3,4-c]pyrrole-1,4-dione (1) 
See the main text for caution on this procedure and the Figure 4.1.1. N-Bromosuccinimide (NBS) 
(2.22 g, 12.5 mmol) was added slowly to a solution of 3,6-dithien-2-yl-2,5-bis[6-(1,1,1,3,5,5,5,-
heptamethyltrisiloxan-3-yl)pentyl]-pyrrolo[3,4-c]pyrrole-1,4-dione (5.0 g, 5.67 mmol) in CHCl3 (200 
mL). The solution was protected from light and stirred at room temperature for 124 h. The reaction 
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mixture was poured into water (200 mL) and extracted in CHCl3. The organic layer was dried over 
MgSO4 and the solvent was evaporated under reduced pressure. The crude product was purified by 
chromatography on silica with 0–50% dichloromethane in hexane as eluent, yielding a dark purplish 
solid. The measured NMR, mass, and elemental analysis are in well-agreement with the previous 
results. 
 
Typical Suzuki polymerization procedure The dibromide 1 (50 mg, 48.1 μmol), diboronic ester 2 
(18.6 mg, 48.1 μmol), base (K2CO3 (67 mg, 0.48 mol) or K3PO4 (51 mg, 0.24 mol)), and catalyst 
system (Pd(PPh3)4 (2.78 mg, 2.4 μmol) or Pd2(dba)3/P(o-tolyl)3 (2.2 mg, 2.4 μmol/2.9 mg, 9.6 μmol)) 
were put in a Schlenk flask or microwave vial, then purged with argon for 15 min. Toluene (4 
mL)/water (2 mL) was added and the mixture was heated at 120
o
C by either conventional or 
microwave heating tools for the reaction times defined in Table 4.1.1 (6 or 24 h). The mixture was 
cooled to room temperature and poured in methanol (100 mL). No desirable solids were precipitated. 
 
Fluoride-mediated Suzuki polymerization procedure 
The dibromide 1 (50 mg, 48.1 μmol), diboronic ester 2 (18.6 mg, 48.1 μmol), fluoride salts (CsF (29.2 
mg, 0.19 mmol) or TBAF (50.3 mg, 0.19 mmol)), and Pd(PPh3)4 (2.78 mg, 2.4 μmol) were put in a 
Schlenk flask or microwave vial, then purged with argon for 15 min. A certain amount of solvent 
(toluene, 1,2-dimethoxyethane (DME), or toluene/DME mixture) described in Table 4.1.1 was added 
and the mixture was heated at the course of the reaction temperatures (90120oC) by either 
conventional or microwave heating tools, varying the reaction times from 1, 2, 3, 6, to 24 h. The 
mixture was cooled to room temperature and poured in methanol (100 mL). The precipitate was 
collected by filtration and washed by sequential Soxhlet extraction with methanol (1 d), acetone (1 d), 
and hexane (1 d). Finally, chloroform-soluble fraction was poured into methanol to afford dark purple 
powder. 
1
H NMR (CDCl3, 600 MHz):  ppm 9.04–8.95 (br, 2H), 8.75–8.59 (br, 2H), 7.53–7.44 (br, 
2H), 4.05–3.90 (br, 4H), 2.03–2.01 (br, 4H), 1.59–1.51 (br, 4H), 0.87–0.79 (br, 4H), 0.45–0.35 (br, 
36H), 0.09–(–0.03) (br, 6H). Anal. Calcd. for C44H68N4O6S3Si6: C, 52.13; H, 6.76; N, 5.53; O, 9.47; S, 
9.46. Found: C, 51.68; H, 7.34; N, 5.08; O, 8.37; S, 9.01. The Mn, Mw, and PDI in the isolated each 
case were determined by gel-permeation chromatography (GPC) against PS standard, THF eluent. 
 
Fluoride-mediated Suzuki polymerization procedures of PDPP3T-Si and PDPP4T-Si 
The dibromide 1 (250 mg, 0.24 mmol), 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene 
(80.8 mg, 0.24 mmol) or 5,5'-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,2'-bithiophene (101 
mg, 0.24 mmol), CsF (146 mg, 0.96 mmol or 292 mg, 1.92 mmol), and Pd(PPh3)4 (8.34 mg, 7.2 μmol) 
were put in a Schlenk flask or microwave vessel (10 mL) with a stirring bar then purged with argon 
for 15 min. 1,2-dimethoxyethane (DME) (5 or 8 mL) was added and the mixture was heated at 90
o
C 
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for 6 h or by microwave heating tools for 8 h and 2.5 min cooling time. The mixture was cooled to 
room temperature and poured in methanol (500 mL). The precipitate was collected by filtration and 
washed by sequential Soxhlet extraction with methanol (1 d), acetone (1 d), and hexane (1 d). Finally, 
chloroform-soluble fraction was poured into methanol to afford dark blue powder. 
 
PDPP3T-Si: 
1
H NMR (CDCl3, 600 MHz):  ppm 9.36–8.40 (br, 2H), 7.17–6.35 (br, 4H), 4.69–3.13 
(br, 4H), 1.83–1.15 (br, 12H), 0.42–(–0.12) (br, 46H), Anal. Calcd. for C42H68N2O6S3Si6: C, 52.45; H, 
7.13; N, 2.91; O, 9.98; S, 10.00. Found: C, 52.58; H, 7.64; N, 3.08; O, 9.37; S, 9.01. The Mn, Mw, and 
PDI values are summarized in Table 4.1.1. 
 
PDPP4T-Si:
 1
H NMR (CDCl3, 600 MHz): ppm 9.36–8.20 (br, 2H), 7.06–6.12 (br, 6H), 4.40–3.64 (br, 
4H), 1.86–1.05 (br, 12H), 0.52–(–0.21) (br, 46H). Anal. Calcd. for C46H70N2O6S4Si6: C, 52.93; H, 6.76; 
N, 2.68; O, 9.20; S, 12.29. Found: C, 52.48; H, 7.34; N, 2.47; O, 9.27; S, 12.08. The Mn, Mw, and PDI 
values are summarized in Table 4.1.1. 
 
Typical Stille polymerization procedures of PDPP3T-Si and PDPP4T-Si: Dibromide 1 (250 mg, 0.24 
mmol), 2,5-bis(trimethylstannyl)thiophene (98.5 mg, 0.24 mmol) or 5,5' -bis(trimethylstannyl)-2,2'-
bithiophene (118 mg, 0.24 mmol), Pd2(dba)3 (6.6 mg, 7.2 μmol), P(o-tolyl)3 (8.8 mg, 28.7 μmol), and 
anhydrous toluene (4 mL) were put into in a Schlenk flask or a microwave vessel (10 mL) charged 
with a stirring bar and bubbled with argon for 5 min. The resulting solution was heated at 120
o
C for 2 
h or the mixture was heated at 120
o
C by microwave heating tools for 1 min and 2.5 min cooling time. 
The mixture was cooled to room temperature and poured in methanol (500 mL). The precipitate was 
collected by filtration and washed by sequential Soxhlet extraction with methanol (1 d), acetone (1 d), 
and hexane (1 d). Finally, chloroform-soluble fraction was poured into methanol to afford dark puple 
powder.  
 
PDPP3T-Si: 
1
H NMR (CDCl3, 600 MHz):  ppm 9.36–8.40 (br, 2H), 7.17–6.35 (br, 4H), 4.69–3.13 
(br, 4H), 1.83–1.15 (br, 12H), 0.42–(–0.12) (br, 46H). Anal. Calcd. for C42H68N2O6S3Si6: C, 52.45; H, 
7.13; N, 2.91; O, 9.98; S, 10.00. Found: C, 52.70; H, 7.84; N, 3.41; O, 9.52; S, 9.12. The Mn, Mw, and 
PDI values are summarized in Table 4.1.1. 
 
PDPP4T-Si:
 1
H NMR (CDCl3, 600 MHz): ppm 9.36–8.20 (br, 2H), 7.06–6.12 (br, 6H), 4.40–3.64 (br, 
4H), 1.86–1.05 (br, 12H), 0.52–(–0.21) (br, 46H). Anal. Calcd. for C46H70N2O6S4Si6: C, 52.93; H, 6.76; 
N, 2.68; O, 9.20; S, 12.29. Found: C, 52.31; H, 7.43; N, 2.37; O, 9.76; S, 12.62. The Mn, Mw, and PDI 
values are summarized in Table 4.1.1. 
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Chapter 5.1 
3,6-Di(5-(4-(dimethylamino)phenyl)thien-2-yl)-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-
dione (DMPA-DTDPP): N,N-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-phenylamine 
(160 mg, 0.65 mmol), 3,6-di(5-bromothien-2-yl)-2,5-di(2-decyltetradecyl)-pyrrolo[3,4-c]pyrrole-1,4-
dione (300 mg, 0.26 mmol), Aliquat
®
336 (15 mg, 15 mol%), 2.0 M aqueous K2CO3 (10 mL), and 
toluene (20 mL) were taken together in a 250 mL Schlenk flask and purged with argon for 10 minutes. 
To this solution, tetrakis(triphenylphosphine)palladium (14 mg, 13.0 μmol) was added and the 
reaction mixture was heated at 95°C under vigorous stirring for 24 h. The compound was extracted in 
CHCl3, washed with brine, and dried over MgSO4. The solvent was evaporated under reduced 
pressure. The crude product was purified by chromatography on silica with 0–50% dichloromethane 
in hexane as eluent. Isolated yield = 0.15 g (52%) as a thick viscous purplish oil. 
1
H NMR (CDCl3, 
600 MHz):  ppm 8.95 (m, 2H), 7.57 (dd, two J = 2.09 Hz, 8.79 Hz, 4H), 7.31 (m, 2H), 6.74 (m, 4H), 
4.08 (dd, J = 2.06 Hz, 8.86 Hz, 4H), 3.03 (s,12H), 2.02 (s, 2H), 1.34–1.21 (m, 80H). 0.88–0.86 (m, 
12H). 
13
C NMR (CDCl3, 150 MHz):  ppm 161.82, 150.90, 150.71, 139.51, 137.05, 128.54, 128.46, 
127.17, 126.74, 122.07, 121.41, 112.29, 107.57, 46.29, 40.28, 37.92, 31.95, 31.40, 30.12, 29.69, 29.68, 
29.39, 29.16, 26.45, 22.70, 14.13. MALDI-TOF MS(m/z) 1211.79(M
+
).
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